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NOTICE

This report was prepared as an account of Government sponsored work,
Neither the United States, nor the National Aeronautics and Space Administration
(NASA), nor any person acting on behalf of NASA :

A.) Makes any warranty or representation, expressed or implied, I
with réspect to the accuracy, completeness, or usefulness of the
13 information contained in this report, or that the use of any l

information, apparatus, method, or process disclosed in this
report may not infringe privately owned rights; or

B.) Assumes any liabilities with respect to the use of , or for damages
resulting from the use of any information, apparatus, method or
process disclosed in this report.

As used above, 'person acting on behalf of NASA" includes any employee
or contractor of NASA, or employee of such contractor, to the extent that such em-
ployee or contractor of NASA, or employee of such contractor prepares, disseminates R
or provides access to, any information pursuant to his employment or contract with -
NASA, or his employment with such contractor.
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FOREWORD

Volume I of the Final Summary Report covercd all experimental activities
performed under NASA Contract NAS3-9401 during the period 27 June 1966 to
31 May 1968, This volume (Volume II) includes all additional experimental duta
generated on this program,

The program was the consequence of a contract initiated between Solar and the
NASBA-Lewis Research Center, Mdterials Contract Section, Materials and Structures
Division, Cleveland, Ohio. It was conducted to evaluate the oxidation-erosion
resistance and mechanisms of failure of nickel- and cobalt-base superalloys pro-
tected with commercially available coatings,

Technical direction was supplied by Robert E, Oldrieve, Project Manager of
the NASA-Lewis Research Center, Salvatore J. Grisaffe served as technical advisor
for the NASA Research Center.

Solar personrel who contributed to the experimental program and to the writing
of this report are:
Mr. Victor 8. Moore - Principal Engincer
Mr. William D, Brentnall - Metallurgy
Mr. Alvin R, Stetson - Program Director
Special recognition is granted to the team of technicians that operated the oxidation
crosion rigs, Messrs, J, Lapping, 1. Jader and A, Livingstone: to Messrs, . Saucer

and T, Johnson, who performed the instrumental analyses; and to Mr. K. Hutting for
metallography,

The Solar report number is RDR 1474-3.
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ABSTRACT

The *inal rosults of an oxidation-erosion rig evaluation of aluminide coatings
applied hy commeretal vendors to IN=100 and B1900 nickel-base and X-40 and WI-52
cobalt-hase alloys are presented. Tasks I and I of the program (Volume I, NASA CR-
72309) resulted {n the seloction of twe coatings per ulloy for extended evaluation in
Task I, In this task, as in the previous tasks, burner rigs werc used that operated
on JP=5 fuel and air producing n gas velocity of 0.85 (2000-2500 ft/sec) at the specimen's !
leading edge. One-hour heating cycles were used with three minutes air blast cooling. 1
Results of testing at temperatures ranging fron: Tmax of 1850° F to 2050° F indicate
that coated B1900 has the longest oxidation life at all temperatures, followed by IN-100>
X-40>WI-52, based on a weight change criterion. A metallurgical criterion, requiring
retention of a continuous B-CoAl layer, interchanged the rating of coated X-40 and
WI-52 ulloys. The weight change criterion of failure indicated that coatings on nickel -
huse allcys provided more than twice the life of coating on cobalt-base alloys at com-
parable temperatures; however if rated on life per 90.001 inch of BMALI in the initial

coating, the more protective coatings on cobalt- and nickel=base alloys exhibit approxi~
mately similar lives.

Metallurgical and mieroprobe data showed that the coatings with the higher
aluminum content and comparable thickness had longer lives. Of additives identified,
silicon appoared to be beneficial in the nickel-base alloy coatings for longer-term,
low-temperature life, but not for short-term, high-temperature performance. Chrom-
ium was identified in all coatings, but large additions of this element were undesirable
except for short-term performance at temperatures above 2000° F. S

Extrapolating the life results obtained to 1600° F, all of the selected coatings
on the four basis alloys would be protective for ¢ least 10,000 hours.

SPECIAL NOTE: All of the temperatures reported in Volume II of this final _
report were obtained with chromel -alumel thermocouples insulated with MgO and con- o
tained in an Inconel 600 sheath. These thermocouples were imbedded within the test
specimens during calibration and are believed to be essentially the same as the metal
temperature. The temperatures during calibration for the tests in Volume I of the final
report were obtained by surface thermocouples which, due to the high gas tomperature
(2500 to 2900° F), convective heating of the 0.040 inch diameter thermocouple sheaths
and minimal contact area with the test specimen, provided an indicated temperature
somewhat higher than the metal temperature. This temperuture difference could be as
high as 50° F on the test specimen. This change should he considered when comparing
the data for Volume ' v ith data from Volume II. For example, the 2050° F Tmax noted
in this volume 1:: cyuivalent to 2100° F noted in Volume I.

it
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INTRODUCTION

The increasing demands being placed on gas turbine blades and vanes by high
turhine inlet temperatures are creating a condition by which protective coatings must
be employed for even limited use. Currently, coatings are used primarily to extend
the time between overhauls (TBO), With this widened role of the coating, a critical
assessment of commercially available coatings for superalloys becomes a necessity.
Proprietary attitudes which do not allow specifications to detail structure, composition,
thickness, void concentration, and performance cannot be tolerated in future appli-
cations, Coatings should be procurable by specifications similar to those pertaining
to the blade and vane alloys, Coatings can still be proprietary, but they must be
capable of meeting a rigorous specification, For this program the vendors applied
coatings to their own internal specifications,

The objective of this program was to analyze all salient properties of several
selected commercially available protective coatings applied to cobalt- and nickel-base
superalloys, and to determine the performance in oxidation-erosion rig testing, The
program was not a critique of coating vendors, but rather of coatings. This report
does not identify vendors. The contractor was not aware of the vendors or of which
specimens were supplied by which vendors. Rather, the program emphasized the
effects of variations between the coatings, such as coating chemistry, phases present,
and thickness and roughness on the protection afforded in erosion rig testing, The
coating vendors were asked to supply coatings of the composition and to the specifica-
tions which were current at the time of the procurement,

Properties evaluated in the program were:

¢ Surface roughness, as-coated

¢ Weight change, as-coated and after exposure

¢ Thickness, as-coated

e Chemical composition, as-coated and after exposure

¢ Coating and substrate hardness, as-coated and after exposure
¢ Coating structure, as-coated and after exposure

¢ Coating phases, as-coated and after exposure




e Oxide structure after exposure
e Blade warpage after coating and eyelie testing
This comprehensive coating inalysis, hefore and alter oxidation-crosion rig
testing, should provide a clearer insight into the mechanism of coating failure and

should indicate the dircction to be taken for the development of the next generation of
superalloy coatings,

The program includes the following alloys:

Nickel-Base Cobaltl-Basc
IN-100 X-40
B1900 WI-52

Three commercially available coatings for cach alloy were evaluated,
The coating evaluation program was divided into threce major lasks;

Task 1 - Procurement and Inspection of Program Alloys and Coatings,
and Rig Calibration

Task I - Initial 100-Hour Tests on all Coating ~Alloy Systems
Task I - Long-term Testing of Sclected Coating Alloy Systems

Volume I of the summary report, issued on January 31, 1969 (Ref. 1), includes
all of the activities in Tasks [ and I and the initial activities in Task I, Volunme 11
includes a detailed description of the prominent feature of all of the coatings, the [inal
results of oxidation-erosion testing, the metallurgical evaluation of the mechanisins by
which coatings fail and the metallurgically determined life of the coalings,

SPECIAL NOTE: All of the tempe ratures reported in Volume I of this final ‘
report were obtained with chromel-alumel thermocouples insulated with MgO and con-
tained in an Inconel 600 sheath. These thermocouples were imbedded within the test !
specimens during calibration and are belivved to be essentially the same as the metal
temperature. The temperatures during calibration for the tests in Volume I of the final
report were obtained by surface thermocouples which, due to the high gas temperature
(2500 to 2900° F), convective huating of the 0.010 inch diasmoter thermocouple sheaths
and minimal contact area with the test specimen, provided an indicated temperature
somewhat higher than the metal temperature. This temperature difference could be as
high as 50° F on the test speeimen.  This change should be conside red when comparing

the data for Volume I with data from Volume . For example, the 2050° I Tyax noted i
'_°:$'¢,, in this volume is equivadent to 2100° I noted in Volume 1.
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SUMMARY

The oxidation-erosion resistance of commercially available coatings on nickel -
and cobalt-base superalloys under simulated g turbine operating conditions wore
determined in this program under special envivonmental conditions and at virious
maximum temperatures between 1845° I* and 20500 I'*, The special conditions were the
use of low sulfur JP-5 fuel (sulfur ~0.07 percent) and essentiolly sea-sult-free air.

Gas velocity used in the test at the specimen's leading edge was Mach 0,85 (2000 to
2250 ft/sec). All cycles presented in this report were constant at 60 minutes in the
oxidation-erosion rig flame and three minutes in an air blast. Some data were pre-
sented in Volume I for rapid cycling (three minutes in the flame and two minutes air
cool), hut none of the coating systems exhibited thermal fatigue cracking in 2400 cycles.,
This type of testing was, therefore, discontinued in favor of the onc-hour cycles as a
means of determining coating life. Evaluation of coating performance was established
by weight change, surface appearance, changes in microstructure and thickness, sur-
face X-ray diffraction and electron beam microprobe analysis.

Two nickel-base (IN-100 and B1900) and two cobalt~base (X+-40 and WI-52
alloys cach with three different coatings were subjected to rig testing. The coating
vendors and the processes and chemistries used by the vendors were unknown to Solar
personnel.  Uncoated specimens were supplicd by Solar to NASA-Lewis who, in turn,
had them coated by their sclected vendors. The specimens were then returned by NASA
personnel to Solar with no vendor identifying marks.

The coaled specimens were identified at Solar by letter code numbers B, C,
D (IN-100); F, G, H (B1900); J, K, L (X-40); and N, O, P (WI-52). Uncoated speci-
mens of each alloy were identified as A, E, Iand M, respectively.

In the work summarized in Volume I (Ref. 1), the coatings had all been analyzod
for initial composition, weight change during coating application, structure und thick-
ness. All coatings were primarily #-NiAl or B-CoAl with only several showing
elemental additions other than Al that could not be attributed to the substrate. Ior
example, C and F had minor additions of silicon and D and G were of the duplex type
with major additions of chromium. The D coating appeared to have the chromium
deposited after the aluminum and the G coating prior to the aluminum. Possible
other additions such as Ti and Fe were also noted.

*Sec Special Note on page 2.




In Tasks [and I of this program (results are reported in Volume I), the alloys
and coitings were procurad and characterized and initially screened in 100-hour rig
lests at temperatures to 2000° 1 (2110° 1 surfaee thermocouple)s  From these tests, two
coatings per alloy were selected for long=term testings,  These coatings were:

IN-100 -~ Baml ¢
BIOoG - Pand It
X-10 - Jand 1,

WI-hH2

Oand 1

This volume primarily presents data on the above coutings after exposure to onc-hour

eyeles to a Tyax of 1815° 1 (Series 1), 1950° 1 (Series 2), and 2050° I (Series 3) internal
temperatures.  The other coatings - D, G, Kand N - are also included to a lesser ox-

tent because spares were required in rig testing as specimens were removed from test

as they reached the point of failure. The fallure eriterion for specimens was a loss of

an average of 20 my per blade and was established by the NASA Program Manager,

From the metallurgical cvaluation of the coatings after test, this criterion usually was

at a point beyond the breakdown of the continuous /3 MAL to either y' or y. The very

thick D coating (0.0055 inch), however, could fuil the weight loss eriterion while main-

taining & continuous gB-NiAl layer, :

A summary of the life of the coating-substrate ulloy combinations ot various
lemperatures is presented in Figures | to 3, Figure 1 displays the life of the coatings
hased on the 20 mg average weight loss criterion; Figure 2 presents the conting life
hased on loss of a continuous BMAL layer; and Figure 3 presents the coating lite per
0.001 inch ol initial coating thickness (wverape thickness used tor this caleulation)
basced on loss of the continuons BMAIL criterion of failure.  ‘The data used to compute
thickness is very minimal hecause a maximum of throe specimens were sectioned to
determine the "as-received' thickness. The results in Figure % should, thervefore,
he weighed somewhat less than the results in Figures | and 2,

On the nickel-base woys, the Fand 1 eoatings exhibitod the host overadl
pevlormance using both the weight toss and loss of continuous AMAL crviterin for
failure, The Foand I contings were protective to between 1765° 1 and 1800° 1 for 3000
hours (Fig. 2). The 1 eonting exhibited a slightly Qater fite-tompoerature ecurye
indicating o potentinlly longer life for this coating at lower temperatures,  The 1B and .
€ coatings exhibited a 3000-hour potential life at 1750°F,  Both the £ and G chrominm-
rich coatings cxhibited the highest temperituee copability in short- time ONPORUPE S, b,
100 hours ot 2080° . Both coatings, however, showed steeper Jile-temperiature curves . |
due to couting spabling and varvinble conting pertormanee,
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The J coat, -g exhbited the highest temperature capability over the entire tem-~
perature range of the three coatings on X-40 alloy. The extrapolated temperature for
@ 3000-hour life expectancy (Fig. 2) was approximately 1800° F. The L coating showed
a slightly lower temperature capability of about 1765° F. Considerable scatter in the
data for the K coating was no doubt related to the variation in coating thickness. On the
WI-52 alloy, the P coating showed distinetly bettor performance than the N or O coatings.
A 3000-hour life at 1800° F was exhibited which compared favorably with the J coating
life on X~40 alloy. A higher temperature capability (2000° F) in the short-time, 100-
hour tests, however, was apparent for the P coating. For a 3000-hour life of the O
coating, the maximum temperature capability appeared to be 1660° F. Poorest perfor-
mance was exhibited by the N coating on WI-52 alloy in the previous Task II tests and
very little additional evaluation was performed on this coating system. Data are included
that show the temperature capability for a 100-hour life to range from 1875° F to 1925° F,

Figure 3 presents the coating life data from Figure 2 normalized to show the
hours per mil of coating thickness. For a Tmax of 1850° F, the normalized coating

life was:
Coating  Hours/mil Coating  Hours/mil
B 300 J 500 l
C 300 K ——
D 90 L 275
F 450 N —-——
G H50 (0] 20
H 450 P 400

These daia showed on the basis of hours/mil that the coatings on the cobalt-
base alloys were capable of providing protection nearly equivalent to those on the
nickel-base alloys. Comparing Figures 2 and 3, the curves show that the coating
thickness was the most significant parameter lending itself to improvement for long-
term protection of cobalt-base alloys.

Elements that were intentionally added to the coatings could only be unambig-
uously identified in several of the coatings on nickel-base alloys. Even after short-

term thermal exposures, the coatings on cobalt-base alloys became structurally very
similor.

The presence of large amounts of chromium was identified in the D and G
coatings. The presence of chromium-rich phases in contact with the oxidizing environ-
ment caused spalling und the formation of the relatively poorly oxidation resistant Y
solid solution. An intermediate zone of « chromium in the G coating was apparently
effective as a diffusion barrier to restrict interdiffusion of nickel and aluminum.

PR




Small percentages of added silicon were shown to be present in the best per-
forming coatings on IN-100 and B1800, and it was hypothesized that the presence of
silicon resulted in a decreased spalling rate of the protective aAlyOq.

In general, a large reservoir of aluminum correlated with extended coating
life. This was noted particularly for the coatings on cobalt-base silo

ys where, for a
similar coating thickness, a hyperstoichiometric aluminide composition (with respect
to aluminum) performed better than a hypostoichiometric composition. The problem of
obtaining a thick coating high in aluminum without exterior cracking and spalling appeared

to be related to the degree of supersaturation of the aluminide with chromium from the
substrates.

An interesting contrast in the diffusional stability of aluminide coatings on
nickel alloys compared to cobalt alloys was exhibited. Degradation (aluminum dilution)
of the coatings on nickel-base alloys clearly occurred by interdiffusion of nickel and
aluminum across the interface in addition to loss by AlyO3 formation. An extensive
region of y' phase was formed in the substrate alloy and formation of y' in the BMAL
occurred progressively starting at the original coating/metal interface.

Extensive diffusion inwards of aluminum was not identified in the cobalt alloy
systems and the initially thinner aluminide layers showed better stability and life than
might have been expected by comparison with the nickel alloy systems. The presence
of a continuous M23Cg interface zone may have acted as a '"built in" diffusion barrier
in the cobalt alloy systems, preventing inward diffusion of aluminum. Lower aluminum
solubilities and different phase relationships (no intermediate Y' type phase in the

Co-Al system) may also have been partly or largely responsible for th

e observed
differences.




PRECEDING PAGE BLANK NOT FILMED. |

3

TEST SPECIMENS AND TESTING TECHNIQUES

The procurement of the alloys, coatings and receiving inspection tests were
reported in detail in Volume I of the final report. The only items that will be repeated
are (1) the specimen identification code that is used when discussing performance of the
various coating-alloy combinations, (2) a summary of the average coating thickness

and average weight gain after ccating for each combination, and (3) the chemical compo- 1
sition of the four program alloys.

3.1 TEST SPECIMENS

The chemical analyses of the four program alloys (IN-100, B1900, X-40 and
WI-52) are shown in Table I. The analytical results performed at Misco are in good
agreement with the nominal alloy compositions.

The selection and the procurement of the coatings for use in this program
were made by the NASA Program Manager. A total of 12 coating-alloy combinations l‘
was included in the program; three coatings on each of the four alioys. The coating o
phase of the program was handled as follows:

¢ After receiving, inspection testing and individually identifying all of the
as-cast blades at Solar, the blades were shipped to Lewis Research
Center. NASA, in turn, shipped the blades to the selected coating
vendors. After coating, the specimens were returned to NASA, re-
packed and then returned te Solar without any markings to show the

source of the coating. The identity of the coating vendors is unknown

to Solar.

-

Alloy and coatings were identified at Solar using the letter and number code
system shown in Table II.

Figure 4 summarizes the average weight gain and the coating thickness (as
determined metallographically) measurements made on specimens returned by the
coating vendors. It should be noted that all specimens were weighed at Solar before
shipment to NASA and after return to Jolar by NASA. Since the specimens were not
weighed at the coating vendors after their cleaning or preparation operations, the weight

gains shown may be lower than actual values, depending upon the amount of substrate
material removed.

11

) L e e e . i e 9 o -
] R L -



TABLE I
CHEMICAL ANALYSES OF PROGRAM ALLOYS ;

Alloy and Composition (weight peroent)
Toat C Mn 8i P 8 Cr Ni w Fe Co Mo Al T Zr B Othors
IN-100 0.18 | <0,1 <0,1 - 0.003 10,13} Bal, - 0.36 (14,06 (8,27 5.40) 4.75(0,978]0.013| v 1,0
RU082 h
B1900 10,11 ) <0.1 | 015 -~ 0,007} 7,75| Bal, [<0,1 |0.00 | 9.95{5.00} 6,01 | 1,07{0.086]0.000]cp 0.1 "
Zih, .
N-40 0.50 | <0.1 { 0,201 0,008} 0,017 126,50110,75 | 7.55{0.12 | Bal, | - | = | -- |o.16 |<.002|No0.02 *
12V5068 o
Wi-52 0.47 0,31 0,411 0,013f 0,013 |20,75| 0,29 |10.8 2.04 | Bal, | -~ - - - - Ch+ Ta 1,90 B
MF199
Note: Chemical Analyses were made by Miscu Division of Howmet Corporation, qz
TABLE II ]
SPECIMEN IDENTIFICATION CODE R
Code Letter Remarks Y
A Uncoated IN-100 alloy '
B Coated IN-100 alloy 1
C Coated IN-100 alloy S 4
D Coated IN~100 alloy
4
E Uncoated B1900 alloy ‘ 3,
F Coated B1900 alloy
G Coated B1900 alloy *§
H Coated B1900 alloy B
I Uncoated X-40 alloy . |
J Coated X-40 alloy g !
K Coated X-40 alloy |
L Coated X-40 alloy -! -
M Uncoated WI-52 alloy
N Coated WI-52 alloy - ,
o Coated WI-52 alloy I )
p Coated WI-52 alloy

12
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COATINGS ON NICKEL-BASE ALLOYS
)
COATINGS ON COBALT-BASE ALLOYS

FIGURE 4, SUMMARY Oi COATING THICKNESS AND WEIGHT GAIN
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In summary, on the nickel-base alloys, average coating thickness ranged
from a low of 0.0022 inch to a maximum of 0.0055 inch (the D coating). On the X-40
and WI-52 alloys, the average coating thicknesses ranged from 0.0011 inch for the
K coating to 0.0022 inch for the P coating. Extreme variations in coating thickness
from side to side ware noted for the K coating; the concave side gave an average value
of 0.0011 inch and the convex side measured 0.0021 inch. Coating coverage was
generally good, but spalling was noted with the D, G, K and O coatings.

Average weight gain for the coatings ranged from a maximum of 29 mg/cm?2
(coating D) to a low of 0.5 mg/cm2 for the N coating. Considerable weight gain and
variation in weight was also exhibited by coating G (16 mg/cm2). The evaluation
studies showed that the weight gain and thickness could be accounted for by the depo-
sition of a significant amount of chromium in addition to the aluminum. Excluding the
heavy D and G coatings, the average weight gain for the nickel-base alloys was 5.5

mg/cm2. The average weight gain for the six coatings on the two cobalt-base alloys
was slightly lower at 3.3 mg/cm2.

3.2 OXIDATION-EROSION TESTING TECHNIQUES

This program used rig testing for the performance evaluation of the coated
superalloys. This type of test has found wide acceptance in the gas turbine engine
field and simulates more closely the turbine environment than laboratory furnace
oxidation and oxyacetelyne torch tests. A detailed discussion of the turbine environ-
mental simulators (often also called burner rigs) used for the oxidation-erosion tests
is provided in the following paragraphs.

3.2.1 Turbine Environmental Simulators

Two Solar gas turbine environmental simulators used for the high velocity
oxidation-erosion tests are shown in Figure 5.

Details of these simulators are similar in features to those of modern small
gas turbine engine combustors, A straight-through, can-type combustor is used with
atomization of JP-5 fucl from a single spray nozzle. A water-cooled, one-inch diam-
eter stainless steel nozzle is used for long-time, trouble-free operation.

The major control items used to ensure reproducible rig operations are:

* Fuel flowmeters and pressure regulators
¢ Combustor air pressure regulators

* Airflow measuring equipment

14
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FIGURE 5, BURNER RIGS AND CONTROL ROOM




e Slip rings for continuous thermocouple temperature control

* Temperature recorder-controllers

During the rig tosts, cight specimens were mounted in a holder (Fig, 6) which
rotated at 1725 rpm. Rotation in the gas stream was required to ensure that all specei-
mens experience the same test environment. The holder was positioned so thai the
leading edge of the specimens were one inch from the exit of the nozzle.

For all oxidation-erosion tests, the nozzle exit gas veloeity was maintained
above Mach 0,85, i.e., ranging from 2000 to 2250 ft/sec at the specimen location.
Methods of determining hot gas velocity are described in detail along with sample )
calculations for typical test conclitions in Volume I (Ref. 1),

Specimens were heated to the test temperature for one hour followed by cooling
for three minutes in a room temperaturc air blast. Every 20 hours the specimens were
removed from test for visual inspection and weighing.

3.2.2 Temperature Calibrations and Control Methods

Temperature is the major parameter that was carefully controlled to obtain
quantitative, reproducible results in the oxidation-erosion tests. Control of the speci-
men metal temper \ture was effected by automatically adjusting and regulating the fuel
flow to the combustor nozzle. Air flow was held constant by means of dome loading,
diaphragm-type, high-capacity air regulators.

Specimen metal temperatures were c¢ontinuously monitored, recorded and
controlled throughout the test periods by means of a thermocouple inserted into a small
hole in a test specimen. This hole was electrical discharge machined (EDM) through
the base of the blade so that the thermocouple tip was at the center of the test section.
One specimen in each group of blades (in the holder) was instrumented in this manner
with a 0.040-inch diameter, Inconel sheathed, magnesium oxide insulated, chron 2l-
alumel thermocouple.  Output of the thermocouple was fed to a slip-ring assembly and
then to a potentiometer-type strip chart iemperature recorder and three-mode tem-
perature controller. Any deviation between the temperature set point and the specimen
temperature was sensed in the temperature recorder-controller, which continuously
activited an electric-to-pneumatic converter thercby controlling a pneumatically
operated tuel-flow control valve. Fuel flow was increased or decreased automatically
as required to maintain the set temperatures.

To determine the maximum metal temperature distribution and the temper-
ature gradient along the length and width of the simulated airfoil specimens, several
methods of calibration were investigated during the program. These methods were:

-
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FIGURE 6. SPECIMEN HOLDER AND PADDLE WIHEEL BLADES

. Thermocouple:

' 0.040-inch diameter
Inconel sheath,

Type K, MgO insulation.

Tip shielded with
Inconel foil.

FIGURE 7. THERMOCOUPLE ON CONCAVE SURFACE OF
TEST SPECIMEN




o The application of Templac paints and Thermindex paints.
¢ Pure metals were inserted into the blades. These included:

e Small wires of silver (melting point 1761° F) (1234°K), gold (melting point

1945° F) (1336°K), and copper (melting point 1981° F) (1356° K) imbedded
in the airfoil section of the blade.

» Thermocouples mounted on the surface of the specimen

Generally, the temperature-sensitive paints were not satisfactory due to the
high velocity erosive conditions of the gas stream. The Templac paint was completely
removed from the blade surfaces, and the Thermindex paints gave usable data only at
the 1652° F (1173.3°K) temperature color change.

Melting points of the pure metals worked successfully, but the number of
calibration points was limited.

The best results were obtained from the thermocouples mounted on the speci-
mens. Small (0.040-inch diameter) Inconel sheathed thermocouples were spot-tacked
to the concave surface of a blade, and readings were obtained using a slip-ring assemb-
ly. The tip of the thermocouple was shielded from direct flame radiation with a small
piece of Inconel foil spot-tacked to the surface of the blade (Fig, 7), The temperature
was determined at various locations on a test specimen airfoil over a control temper-
ature range of 1450° to 1900° F. (The control thermocouple is located inside the blade
at the center of the airfoil section.) The temperature distribution was determined for
both test rigs, as the temperature gradients across the blades were somewhat different
in each test rig. Even though the tip of the thermocouple was shielded from direct

flame radiation and the high veloeity gas stream, a small error existed using this
calibration method.

At the completion of the oxidation-erosion tests, additional work was done on
temperature calibration methods in order to define more accurately specimen metal
temperatures for the tests at 1900°, 2000° and 2100° F.

An excellent temperature calibration method was developed wherein the small
sheathed thermocouples were actually imbedded into the airfoil section of numerous
blades at known locations. Correction factors for the surface temperature measure-~
ments were then determined by comparing the temperatures as determined by external

and internal methods. The internal thermocouples were installed in the following
manner:

¢ A small groove, 0.050 inch wide by 0.050 inch deep, was chemically
milled into the concave surface of a blade so that the measuring

18
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Junction of the thermocouple was at a precisely known location (Fig, 8A).

* A 0.040-inch diameter Inconel sheathed thermocouple was inserted into
this groove (Fig. 8B).

* The thermocouple junction was then spot-tacked in place, and the entire
groove (and the thermocouple sheath) was filled in by plasma-arc spray-
ing Nichrome powder (Ni-20Cr) (Fig, 8C).

* The concave surface of the blade was then carefully reground to the
original surface contour (Fig, 8D).

The results of the blade temperature measurements made to establish cali-
bration data for the 1900°, 2000° and 2100° F tests are shown in Figures 9 through 11,
In Figure 9A, surface and internal temperatures are shown at eleven different locations
on the concave surface of a specimen along with wemperature curves for three thermo-
couples imbedded in the airfoil at the hottest location on the blade and for one surface
thermocouple located at the "hot spot". Also included on this graph are curves drawn
from optical temperature readings taken during the temperature calibration tests.

The test at 1900° F was originated and run based on surface temperature
measurements. As shown in Figure 9A, a thermocouple control temperature of 1665° F
was used throughout the duration of the test to maintain the 1900° F test temperature
(this was later corrected to 1905° F Tmax). Data from the internal thermocouple
calibrations performed at the completion of the tests showed that the peak metal tem-
perature was actually 1845° F or 60 degrees lower than that obtained by surface thermo-
couple measurements. Figure 9B shows the temperature distribution for the tests
on the nickel-base alloys. Tmax for these tests was 1820° F,

In all cases metal temperatures were maximum along the trailing edges of
the blades and decreased rapidly towards the leading edge and shank area. Tempera-
ture variation generally exceeded 200° F from trailing edge to leading edge of the blades.

During the thermocouple temperature calibration tests, optical temperature
measurements were also taken to ascertain whether or not a correlation could be made
with the peak blade metal temperatures. The blades were viewed with a Pyro-Micro-
Optical pyrometer (disappearing filament type) from two different optical paths. These
optical paths (Fig. 12) were: '

o Normal - In the midsection of the blades normal to the long axis of the
blades.

¢ Edge - At a slight angle from the long axis of the blades sighted along
the trailing edges of the blades.

19
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Chem Mill Groove Install Thermocouple

Magnification 1.5X

Plasma Arc Spray Ni-Cr Clean-Up Surface

. FIGURE 8, MLTHOD OF IMBEDDING THERMOCOUPLE IN SPECIMEN FOR
‘ TEMPERATURE CALIBRATION

n
o)
ot WGl g e

1
o

g.}j. ;

car



o ey

-

1800 4

1700 §

-

1600 4

CONTROL TEMPERATURE (°F)

1500 ¢

Control Thermocouple
Location

Optical Temp,
Edg

Optical Temp,
Normal

#15 Internal

4

v

#13 Internal

#11 Intornal

#11 Surface

Rig Number 2
1900 * F Tests

1600 1700

1800 1800

TEMPERATURE (°F)

1665°F

- i!:lﬁ- -

Surface

Temperatures !
]

3

Control Temperature

-- ¢

|

y
T
1 |
]
]
@ =,
; Wt
e .
1 1740 1043 +
® ® wpuan
1613 1683 1033 +
B = e mle v - ] oo
1595 1863 1800

ot—1-
md ‘

Internal
Temperatures

FIGURE 9A. TEMPERATURE CALIBRATION CURVES AND SPECIMEN

TEMPERATURE DISTRIBUTION FOR SERIES 1 TESTS
(Tmax 1845° F) (X-40 and WI-52 Alloys)

21
- e .
o.ka e e o ‘.’. f' n ,;




1665°F
Control Temperature

) 1
'ﬁ' + 1::: + + -~
I ! 1 | I
i {
| " l +
@ s [ X0
: 1840 4 : 1860 )
¢ [ ] @ s ® ® @ cafoonn
1580 1705 1870 %- 1630 1725 1920 +
® e @ wmbeue ® Y G aduwe
1630 1700 1850 -} 1620 1760 1900 +
Q‘ @ @ - -0 = = = mbabma] - - i @ o= - - = - et w] - N
1600 1668 1830 1595 1680 1880 ;
1 i
1 )
@ =pme | == ® te J o= R
| 1800 ¢ | etol Ve 2 .
' '
| |
I T Intextnal Surface !
emperatures
D Temperatures
\ | L/ |

- s

.y
&

FIGURE 9B, SPECIMEN TEMPERATURE DISTRIBUTION FOR SERIES 1 TESTS

(Tmax 1870° F) (IN-100 and B1900 Alloys) ' -




1730°F %
Control Temperature

T
| 1 1
|
|
: 1995 | B
1728 1788 Wt
1863 178 19'38""*
q--- il 3 > M ahe T T WY
i 1
{
; | ns.o--'%
T . .
T T Sur:a:::r ! ! Internal
empoeratures Temperatures
1 !
1 1 i

B i ! '
B f FIGURE 10, SPECIMEN TEMPERATURE DISTRIBUTION FOR SERIES 2 TESTS.

The normal and edge optical temperature data for the 1900° F tests are shown
plotted in Figure9 along with the internal blade temperatures at the leading edge, mid-
chord, and trailing edge across the hottest area of the blade.

{ For tests in this turbine simulator, the optical temperature normal readings {
are in good agreement with the control thermocouple temperature data obtained at the
o f‘:‘f center of the blade (1665° F vs. 1680°F). If an optical pyrometer only was used for
1

temperature control purposes (without regard to actual hot-spot meta. temperatures),
an optical control of 1900° F aken normal to the long axis of the blades would result in

a maximum metal temperature of approximately 2060° F along the trailing edge of the
blades. 1

The optical temperatures taken along the trailing edges of the blades were ,
! approximately 80° F lower than the optical normal temperature readings. ‘

3 . The internal and external temperature distribution for tests at the 2000° F
- temperature level are shown in Figure 10. For these tests, the actual peak metal
temperature determined during the calibration tests was 1950° F, or 50°F lower than
that obtained by surface thermocouple measurements.
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Figure 11 shows the specimen temperature distribution for the 2100° F test
temperature level. In this turbine simulator test rig, a thermocouple control temper-
ature of 1810° F produced a surface thermocouple temperature of 2100°F, The actual
peak metal temperature, as determined by the internal thermocoupie method, was
2050°F. Also shown in Figure 11 are the temperature curves for two other thermo-

couples imbedded into the airfoil section and optical temperature readings taken during
the calibration tests.

In this particular test rig, which rotates in an opposite direction, the normal
optical temperature data are approximately 100° F higher than the internal temperature
at the midsection of the blades. This appears to be largely due to the luminous hot )
gas stream which is deflected over the surfaces of the blades. At this optical path,
the optical pyrometer not only "sees" the blades but also this luminous hot gas stream.

The optical temperatures taken along the trailing edges of the blades were
approximately 140° F lower than the optical normal temperature readings.

Normal
Optical
Readings

Edg‘e |
Optical Readings }
|

FIGURE 12, VIEWING ANGLES FOR OPTICAL PYROMETER
TEMPERATURE MEASUREMENTS
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TASK I
LONG-TERM OXIDATION-EROSION RIG TESTING

Additivaol oxidation-erosion rig testing was performed on most of tne twelve
coating systems to determine the performance of the coatings at lower temperature
levels. These reduced temperatures resulted in considerably longer exposure times,
particularly for the coated nickel-base alloys. The tests were performed as follows:

* Series 1 for up to 3000 hours on the coated nickel-base alloys and 1600
hours on the coated cobalt-base alloys. Ty, ayx during test was 1845° F

for the cobalt-base alloys and 1870° F for the nickel-~base alloys.

o Series 2 for up to 2000 hours on the coated nickel-base alloys
and 1000 hours on the coated cobalt-base alloys. Tmax during
test was 1950° F.

* Series 3 for up to 1600 hours on the coated nickel-base alloys and
250 hours on the coated cobalt-base alloys. Tmax during test was
2050° F.

For the long-term tests, the following criterion for blade failure was estab-
lished by the NASA Program Manager:

* Specimens were considered to have failed and were removed from test

when the average weight loss of the two blades was greater than 20
milligrams.

The 20-milligram weight loss value was selected based on results of the
previous tests that showed visual coating degradation occurring at this level without
catastrophic damage to the coated specimens. Substrate oxidation was also observed
in the hot spot along the trailing edges of the coated cobalt-base alloys at this weight
loss value. When pairs of specimens were withdrawn from test they were replaced
with pairs of the remaining coating systems.

4.1 NICKEL-BASE ALLOYS
Tests on the nickel-base alloys were concentrated primarily on the B and C

coatings on IN-100 alloy and on the F and H coatings on B1900 alloy. The D coating
(on IN-100) and the G coating (on B1900) both exhibited extremely variable performance
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in the Task II 100~hour screening test portion of the program. The latter two coatings

were used several times as spares to "fill-in" the test specimen holder as other
specimerns were removed.

Weight change during testing, surface appearance after test, metallographic
and electromicruprobe ansalyses after testing are included in the following sections.

4.1.1 Weight Change and Appearance

Curves of cumulative weight change plotted as a function of exposure time at
temperature are presented for the tests run at the three temperature levels. These
tests are discussed in ascending order of temperature as Series 1, 2, and 3 in the

following sections. Photographs of the surface appearance of selected specimens after
test are also included for each series of tests.

Series 1 - Oxidation-Erosion Tests (Tmax 1870° F)

The weight change curves for the Series 1 tesis on the B, C, D, Fand H
coatings are shown in Figure 13. Based on visual examination and an average weight
loss of 20 mg, the B coated specimens were judged failed and removed from test after
2160 hours exposure. Both specimens exhibited coating spalling and substrate oxida-
tion along the trailing edges on the concave surfaces of the blades. Specimen B35 after
test (weight loss 23.5 mg) is shown in Figure 14.

At 2560 hours, the average weight loss of the two C coated specimens on
IN-100 alloy wes in excess of 20 mg; hence both specimens were removed from test.
The two specimens exhibited spot-type failures along the trailing edge of the blades.
Specimen C53 failed on the concave surface of the blade (Fig. 15A); whereas specimen
C52 exhibited a failure on the convex surface (Fig. 15B), Note the two nodules on
specimen C52 at the edge of the oxidation site. These nodules indicate either separa-
tion of the coating from the substrate (Kirkendall voids formation) or liquation. The
nodules were first observed after approximately 900 hours total exposure in test.
A review of the turbine simulator log books and weight changes for the other specimens

in test did not indicate any abnormal operating conditions or over-temperature excur-
sion.

After a total of 600 hours exposure, both D coated specimens were removed
from test. The specimens exhibited considerable substrate oxidation and coating
spall. Weight loss was quite rapid from about 500 hours to the conclusion of the test,

as shown in Figure 13. Specimen D52 after test (weight loss 33.5 mg) is shown in
Figure 16.

At 3040 hours total exposure, the remaining F and H coated specimens in
test experienced an ex‘reme over-temperature condition due to a malfunction of a




SR

+40

\
+D COATING—F\

OFCOATINC
<
.
.
- e - - = 0 -
. <
] 1=
3= ¥ ) *

- ‘
o€ COATING .7

— - ——— - -
- - — .._._____.-..—__‘

B COATING
- =20 Removed at 600 hours l
g z
< 1 SERIES 1 TEST
2 {
z -0 l ] 1 1 I 1 I
é 0 200 400 600 800 1000 1200 1400
© TIME AT TEMPERATURE (hr)
.
&
m
B 110
)]
2 |
™ Test Terminated |
| |
I
E +20f H
o)
(@]
] a

‘xei—_——o‘g\\ o E
“r e }\$\c

Removed at 2160 hours
|

Removed ?t 2560 hours

] 1

-40 1 1 1 1 i
1600 1800 2000 2200 2400 2600

TIME AT TEMPERATURE (hr)

2800 3000

FIGURE 13, WEIGHT CHANGE VERSUS TIME FOR COATINGS B, C, D, F, AND

H DURING SERIES 1 TEST (Tmax 1870°F)

29




Weight Loss 23.5 mg
Concave Side of Specimen

Magnification: 1X

FIGURE 14, SPECIMEN B35 AFTER 2160 HOURS EXPOSURE;
Sceries 1 Tests (Tmax 1870° F)

Specimen C53

Concave Side

Magnification: 2,5X

Specimen C52
Convex Side

Magnification: 2,5X

FIGURE 15, SURFACE APPEARANCE OF COATING C ON IN-100 ALLOY
AFTER 2560 1{OURS EXPOSURE; Scries 1 Tests (Tmax 1870° F)
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FIGURE 16. SPECIMEN D52 AFTER 600 HOURS EXPOSURE;
Series 1 Tests (Tyax 1870° F)

temperature controller, and the test was concluded. The F and H specimens were
slightly melted and the molten material was deposited over the surfaces of the adjacent
specimens in the holder. During the last 300 hours in the test, one of the H coated
specimens exhibited a nearly constant weight loss of approximately 20 mg. Only minor
coating loss was visually apparent, however, on this specimen. The other H coated
specimens in test appeared unchanged except for the typical white/grey AlaO3 surface
appearance. Both F coated specimens after 3000 hours exposure did not show any
evidence of coating deterioration. Specimens F3 and H54 after the over-temperature
exposure are shown in Figure 17.

Series 2 - Oxidation-Erosion Tests (T 1950° F)

max

The weight change curves for the six coatings in the Series 2 oxidation-erosion
test on nickel-base alloys are shown in Figures I8 and 21, At approximately 1300
hours exposure, the B coating started to fail quite rapidly and was removed from test
after 1400 hours total exposure.

At the completion of 2000 total hours exposure, the C, F and H coatings ex-
hibited no visible evidence of failure. There was no indication of coating spalling or
substrate oxidation. The surface appearance of these three coatings afier test is
shown in Figure 19. The H coating had the largest weight loss in the test, 15 mg, with
the C coating next at 12 mg. The F coated specimen continued to show « steady weight
gain from approximately 1400 hours on, but this gain was entirely due 10 an oxide
buildup on the round shank of the specimen. This shank oxidation is only apparent on
the uncoated B1900 alloy (code letter E) and on the F coated specimens, which do not
have any coating on the shanks (Fig. 20).
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Total Exposure 3040 Hours
Convex Surface

Magnification: 1X

A
9
Total Exposure 3040 Hours
Convex Surface
Magnification: 1X ]
l
B

FIGURE 17, SPECIMENS F3 AND H54 AFTER OVER-TEMPERATURE
EXPOSURE; Series 1 Tests (Tmax 1950° F)

X-ray diffraction analysis of the oxide on the shank indicates that it is pri-

marily NiO with minor amounts of substrate elements also present, i.e., Mo, Cr and
Ti.

The three coatings visually appeared to be in excellent condition after the
long-time exposure. Therefore, these three coatings were subjected to metallographic '
examination to determine if any metallurgical changes resulted from the long-term
exposure. Results are reported in Section 4.1.2.

Figure 21 shows the weight change versus time curves for the D and G coated
specimens. These coatings were introduced into the test as other coatings failed and
were removed from test. Results of the tests on the four G coated specimens (B1900
substrate) showed the oxidation life (time to 20 mg weight loss) to range from 810 hours
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FIGURE 18, WEIGHT CHANGE VERSUS TIME FOR COATINGS B, C, F AND H
DURING SERIES 2 TESTS (Tmax 1950° F)
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<«——Specimen C63

Weight Loss: 12,5 mg

Specimen H3

Weight Loss: 15.3 mg

\ 4

.

-+——Specimen F36

Weight Gain: 1.2 mg

o = C
Magnification: 2,3X
CONCAVE SURFACE OF BLADES

FIGURE 19, SURFACE APPEARANCE AFTER 2000 HHOURS EXPOSURE;
Series 2 Tests (Tmax 1950° F)
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Magnification: 2.6X

FIGURE 20,

OXIDE ON UNCOATED SHANK CF
SPECIMEN F3; B1900 Alloy
Substrate
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(spccimen G54) to a high of 1360 hours for specimen G42. All four specimens exhibited
coating spalling near the trailing edge on the concave side during the course of the

test. For specimen G54, spalling was observed at approximately 520 hours exposure;
for G37 at 600 hours; for G42 at 720 hours; and G48 at about 360 hours. Surface
appearance of specimen G42 and G54 are shown in Figure 22.

Two D coated IN-100 alloy specimens were also included in the Series 2 test.
Specimens D34 and D63 exhibited the usual coating spalling and subsequent weight gain-
weight loss type curves previously exhitited by this massive coating system. Speci-
men D34 (Fig. 22) had lost 20 mg of weight after 300 hours exposure; whereas speci-
men DG3 still showed a weight gain of approximately 10 mg after 300 hours exposure.
Two D coated specimens included in a previous test at 2000° F exhibited similar per-
formance with coating lives of 371 and 413 hours exposure for the specimens.

Series 3 - Oxidation-Erosion Tests (Tpax 2050° F)

The weight change curves for the Series 3 tests on the B, C, F, Gand H
coatings are shown in Figure 23. At approximately 700 hours exposure, the B coat-
ing (on B1900 alloy) started to fail. Coating spalling and substrate oxidation was
apparent along the trailing edges on the concave surfaces as shown in Figure 24A.
After 1000 hours total exposure the specimens started to fail quite rapidly and were

removed from test after 1100 hours exposure. The surface appearance after test is
shown in Figure 24B,

Coating C (on IN-100 alloy) was removed from test when the average weight
loss of the two specimens reached approximately 20 mg. One small spot on the trail-

ing edge of specimen C54 was the only visual evidence of coating failure on these two
specimens (Fig, 25),

The surface of the F coating after 1400 hours total erposure is also shown in
Figure 25, Visual examination of the specimens did not show any evidence of coating
degradation although the average weight loss was 20 mg.

At 1620 hours total exposure, the test was terminated when the two H coated
specimens lost an average of 20 mg. The surfaces of the specimens after test (Fig.
25) appeared quite smooth in the hot test area and somewhat rough and mottled in the
cooler regions toward the leading edge and shank areas of the blades. No coating
defects, however, were apparent.

Two G coated specimens were included in the test as fill-ins when failures
occurred in the other coating systems. One G specimen exhibited coating spalling and
substrate oxidation very early in the test (loss of 20 mg in 300 hours); whereas the
other specimen did not show any evidence of coating spalling or substrate oxidation
after a total of 520 hours exposure.
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<——8pecimen G42 After 1360 Hours Exposure

Weight Loss: 19.3 mg

Specimen D34 After 340 Hours Exposure «s .
Weight Loss: 35.3 mg

-~ Specimen G54 After 960 Hours Exposure
Weight Loss: 122.6 mg

Magnification: 2.3X
CONCAVE SURFACE OF BLADES

FIGURE 22, SURFACE APPEARANCE OF COATINGS D AND G AFTER
SERIES 2 TESTS (Tmax 1950° F)
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FIGURE 23. WEIGHT CHANGE VERSUS TIME FOR COATINGS B, C, F, G AND H
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Specimen BE

700 Hours Exposure
Weight Gain: 1,7 mg
Concave Surface

Magnification; 2,3X

1100 Hours Exposure
Weight Loss: 22,8 m¢
Concave Surface

Magnification; 2,3X

FIGURE 24, SURFACE APPEARANCE OF COATING B AFTER SERIES 3 TESTS
(Tmax 2050° F)
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Specimen C54

1370 Hours Exposure
Weight Loss: 18.9 mg
Concave Surface

Magnification: 2.2X

Specimen F32

1400 Hours Exposure
Weight Loss: 13.4 mg
Concave Surface

Magnification: 2.2X

Specimen H38

1620 Hours Exposure
Weight Loss: 20.1 mg
Concave Surface

Magnification: 2.2X

FIGURE 25, SURFACE APPEARANCE OF SPECIMENS IN SERIES 3 TEST

(Tmax 2050° F)
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4.1,2 Coating Evaluations - Nickel-Base Alloys

In accordance with the previous work and experimental techniques (Ref, 1),
extensive evaluations of the structural changes occurring in coatings and matrix alloys
(coating induced) were made using metallography and electron microprobe analysis.
Table III shows the exposure times and temperatures for the particular specimens
which were evaluated. Those coatings which failed, according to the 20 mg weight loss
criterion, are indicated in the table.

The blades were sectioned for metallurgical and microprobe analyses studies
through the hottest parts during the test. The temperature profiles, along the cross 1
sections, for the Series 1, Series 2 and Series 3 tests are shown in Figure 26,

Because of the known temperature gradients which existed between the leading
and trailing edge locations, it was possible to correlate structural changes with tempera-
ture. A metallographic failure criterion was proposed by NASA personnel based on the
first observable discontinuities in the BMAL phase. A typical structure corresponding
to this definition is shown in Figure 27. Such 2 definition in practice has different sig-
nificance for aluminide coatings on cobalt-base alloys as compared to those on nickel -
base alloys under oxidation-erosion conditions. This point is brought out in the dis-
cussions of coating degradation. Metallographic and microprobe data are presented for
each coating in the following paragraphs. Not all of the microprobe analyses which were
performed are included in this section in order to avoid unnecessary repetition. The

additional data are included in Appendix A and will be referred to as required throughout
this section.

TABLE 1l 1

OXIDATION-RIG EXPOSURES OF COATED NICKEL ALLOY SPECIMENS
ANALYZED BY METALLOGRAPHY AND ELECTRON MICROPROBE

Exposure Times (Hours) .
IN-100 Alloy B1900 Alloy |
Test Temperature Coating Coating
°F (Max, ) ** B C D F G H
1870 2160 (f) | 2560 (f) | 603 (f) 3040 (f)*| 545 3040 (f)*
1950 1400 (f) | 2000 440 (f) 2000 1360 (f) | 2000
2050 1100 (f) | 1370 (f) | 8o 1400 (f) 440 (f) | 1620 (f)
620
(' = Coating failure based on 20 mg weight loss
* Failures due to rig malfunction **Imbedded thermocouple
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Islands of BMAL in MgAI Matrix

MgAl + Chromium and Refractory
Metal-Rich Phases

Modified by Ther: :al Expo--)

Yy * vy Matrix (sure and Al Diffusion

Magnification: 750X

FIGURE 27. METALLOGRAPHIC FAILURE CRITERION FOR ALUMINIDE COATINGS
ON NICKEL-BASE ALLOY

B Coating on IN-100

The microscopic appearances of specimen cross sections after 2160 hours in
Series 1 tests and 1100 hours in Series 3 tests are shown in Figures 28 and 29, Both
specimens had failed according to the weight loss criterion. The appearance at t’ _
leading edges of buth specimens was similar, but only the Series 1 specimen showed
evidence of substrate attack at the trailing edge locations. Such a difference corre-
lated well with the amount of residual Y' phase, which is seen in the high-magnification
photographs in Figure 30. None of the BMAI coating phase was retained in either
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Leading Edge Trailing Edgo

UAT:
.

1580° F

FIGURE 28, SPECIMEN AFTER 2160 HOURS (SERIES 1 TESTS); B Coating on IN-100 Alloy

Etchant: Oxalic Acid-Electrolytic N

Magnification: 40X ' ‘
Trailing Edge
R e

Leading Edge

1740° F

Specimen B51

FIGURE 29, MICROSTRUCTURE AFTER 1100 HOURS IN SERIES 3 TESTS:
B Coating on IN-100 Alley




speecimen at these hottest locations, but the Series 3 test specimen (B51) had a contin-
uous band of y' M3Al phase, which was formed progressively during degradation of the
aluminum-rich 8MAIl, and was still affording oxidation protection to the substrate.
From Figure 304, it can be seen that twice as long an exposure (2160 hours) at the
lower temperature was sufficient to cause aluminum depletion down to the level where
the relatively poorly oxidation resistant y solution was formed. With no aluminum-
rich layer present, the oxidation process is characteristic of the uncoated alloy.

The electron microprobe analyses were determined using pure element standards
and the Colby computer program (Ref. 9) to provide semi-quantitative results. Without
alloy standards it is not possible to estimate the percentage that the electron microprobe
analyses vary from absolute values. Microprobe analyses were conducted at the same
location on all specimens, viz., the blade center, concave side. Figure 31 shows the
structure and corresponding microprobe analyses of specimen B40 (1400 hours in Series
2 tests) at this location where the temperature during test was 1785° F. The structure
shown in Figure 31 was characteristic of all the B coated specimens after long-term
oxidation rig exposures at 1700° F to 1900° F. As shown in the previous work, phase
compositions may be related (to a first approximation) to the binary Ni-Al equilibrium
phase diagram (Fig. 32) by assuming that Co can substitute for Ni up to about 15 weight
percent. Some knowledge of ternary and quaternary phase equilibria helps in under-
standing many of the phase separations but, obviously, some extremely complicated
diffusional processes may occur where ten or more major coating and substrate elements
are present.

Figure 31 shows that about 50 percent of the BMAI phase had been consumed
in the B coating, and the remaining B was surrounded by the white etching y' phase.
Probe area number 1 in Figure 31 was in the oxide and the major metallic element was
aluminum, indicating AlgOg3. Area number 2 gave an analysis in atomic percent of
54.9Ni, 12.4Co, 31.0Al, 2.8Cr, 6.8Si and 5.8Ti. Reference to the 1000°C isothermal
section of Taylor and Floyd's Ni-Cr-Al (Ref. 1) diagram would give a composition
corresponding to 8+ y'. However, the Ni-Al-Si diagram of Guard and Smith (Ref, 2)
shows an extended y' region up to about 29 atomic percent Al and up to 15 atomic per-
cent Si and, therefore, the analyses would appear to be in agreement with reported
phase equilibria. The composition of points 3 and 5 would place this phase in the
center of a Ni-Al-Cr-Si quaternary SMAl phase. The granular or powdery phase along
the center of the coating has been discussed previously, and the presen* data which
show a high-titanium level and low total element count, and also the fact that a fluores-
cence similar to that noted with Al204 was observed during electron bombardment,
indicate an oxide, presumably TiOg. This may have been applied to prevent sintering
of the pack media to the coating or may have been occluded during the coating process.
Whatever this phase is it was extremely inert and appeared to play no part in the coating
behavior. Probe area 7 was in a hard, brilliant white phase and gave analysis values
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B35

1870° F - 2160 Hours Magnification: 750X 2050° F - 1100 Hours

Etchant: Oxalic Acid-Electrolytic

FIGURE 30, MICROSTRUCTURE OF B COATING AT TRAILING EDGE
AFTER SERIES 1 AND SERIES 3 TESTS o

of 3.3Al, 63.5Cr, 8.4Ni, 3.7Co, 1.4Si and 0.9Ti atomic percent. Previous analyses
have shown segregation of Mo and Fe to these chromium-rich areas, which may account o
for the low, total element values since neither of these elements was determined in |

this particular analysis. The data therefore would tend to identify this phase as meta~ . ‘
stable @ chromium.

The area shown in Figure 31 was at a temperature of 1785° F and the coating
was close to failure based on the adopted metallographic failure criterion. Coating A ‘
degradation occurs by Al loss from the surface and interdiffusion at the coating/matrix ]
interface resulting in the formation of y' (M3Ai). Because of the extensive y' for-
mation at the interface, diffusion inward of Al and diffusion outward oi Ni must provide
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FIGURE 31,

Specimen No., B40

Local Temperature: 1785°F

Test No, 35

Etchant: Oxalic Acid-
Electrolytic

Magnification: 750X

Composition
(wt %)

Al Co Cr Ni Si Ti | Total
1{31.4] 0.80 | 0.21| 3.1|1.42| 3.00| 40.0
2| 17.5(15,40 | 2.80| 66.9|4.10| 5.80] 112.5
3| 30.7 |14,70 | 4,30 60.9|2.30| 3.80| 116.7
4| 8,9 7.60 | 1,90| 27.52.10| 36.00| 84.0
5(31.9 |14.50 | 4.40| 61,0 2,20 2.90] 116.9
6| 16,5 15,40 | 3,30 67.5]| 1,70 | 5.80| 110.2
7| 1.7 4.30 {64.30| 9.6|1.02| 0.83| 81.8
8| 15,9 [14,80 | 3.10| 67.1| 1.40 | 6.40| 1087
9| 17.5 [16.50 | 6.90| 63.2|1.70| 5.60] 111.4

€ 10] 12,6 [16.20 [ 7.60 60.8|1.10| 4.40] 102.7

ELECTRON MICROPROBE ANALYSIS OF B COATING ON IN-100
ALLOY AFTER 1400 HOURS; Series 2 Test (Tmax 1950° F)
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a significant contribution to coating degradation. The y' phase containing up to 15
weight percent Al (28 at. %) has significantly better oxidation resistance than y solid
solution and, therefore, protection is still being afforded to the substrate, under
oxidation-erosion conditions, when all of the BMALl has been consumed. Kaufman
(Ref, 3), however, has recently shown that under sulfidation conditions y' is much
less resistant to attack relative to NiAl than under oxidation conditions. Thus, loss
of a continuous AMAI layer is probably a good practical definition of failure.

C Coatiggon IN-100

Figure 33 shows the low magnification and high magnification appearance of
specimen C63 after 2000 hours exposure in Series 2 tests (Tmax 1950° F). This appear-
ance wAas characteristic of the three C coated specimens examined after long-term
exposures in Series 1, 2 and 3 tests.

Full coating coverage was retained at the cooler leading edge, but the coating
was completely consumed at the trailing edge. As shown in the high magnification
photographs, a coarse, two-phase y + y' structure was obtained at the trailing edge
(1950° F location) with y solid solution being the outer phase. At the leading edge
(1725° F) a large amount »f the 8 MAl was retained. Three major phases were noted
in the coating at this location: B Y', and a grey phase intermediate in etching rate
between y' and 8. A thin, continuous layer of y' was observable at the surface and
a wide zone of y' had formed at the interface growing into the matrix, which was again
an indication of significant aluminum diffusion into the matrix. According to the
weight change data, this specimen had not failed after 2000 hours. However, as
shown by the photomicrographs, the coating was completely consumed at the trailing
edge at this particular blade cross section.

Microprobe analyses were conducted on specimen C52 (2560 hours in Series 1
tests) and the data are shown in Figure 34. The temperature during test at this location
was 1705° F. Similar data for the Series 3 test specimen are shown in Appendix A.

The three phases present in the coating are identified by probe areas 2, 3
and 4 in Figure 34. Point 2 gave compositions in atomic percent of 47.3Al, 44Ni,
12.3Co, 3.8Cr, 6.3Si and 0.26Mo which, combining the nickel and cobalt as one con-
stituent, would correéspond to a point in the center of a hypothesized quaternary Ni-Al-
Cr-8i BMAI field (constructad from Gaard and Smith's ternary diagrams). Similarly,
point 3 corresponds to the quaternary y phase. The probe data indicated that silicon
was present in the oxide (probe area 1). The grey-brown phase (point 4), intermediate
in color between the g and ', was apparently silicon-rich (15.1Al1, 25.98i, 10.7Cr,
11.5Co0, 33.3Ni atomig percent) and the analysns would 2ppear to place it clcse to the
B+ phase field in the hypothesized Ni-Si-Cr-Al quaternary. The ¥ phase was reported
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o _ Magnification: S vyt e
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FIGURE 33, MICROSTRUCTURE AFTER 2000 HOURS IN SERIES 2 TEST; C Coating
on IN=-100 Alloy (Tipax 1950° F)
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by Chaoed and Smith to be the mosi =table compound except for the NiAl in the ternary
Ni-Si-Al system. A wide zone of y' composition had developed at the coating-matrix
interviaee (point 6). The relatively high concentration of silicon determined in the C
coatigy would indicate that this was an intentionally added element.

N Coat i”r};i‘nn IN-100

The 1) coating on IN-100 was shown in the previous work to be the thickest
coating applied to the nickel-base alloys (>0.005 inch), and was apparently applied in
a two-phase process where a chromizing cycle constituted the final operation. A con-
tinuous chromium-rich phase at the surface was identified as Cr3Al2 by microprobe
and X-vay diffraction analyses. The coating was shown to be subject to rapid oxidatior
and tp:alling of the chromium-rich layer when exposed to high temperatures (above
1750° Iy und, in this respect, was more temperature sensitive than the more conven-
tiona. coatings. Similar gbservations were made from the long-term test specimens.

Figure 35 shows the microscopic appearance of specimen D28 after 440 hours
in Serics 2 tests. The coating was intact at the leading edge location (1725° F), but
had spulled and corroded away badly near the trailing edge (1950°F). Weight loss
data indicates failure after 440 hours in the Series 2 tests (24 mg weight loss).
Particles of a gold colored phase were observed in the oxidized Cr-rich areas.

These were tentatively identified as chromium nitrides.

The microprobe data for specimen D52 (603 hours in Series 1 tests) are shown
in Figure 36. As stated earlier, the original analytical data on the as-coated condition,
which included X-ray diffraction analysis, identified the outer chromium-rich layer as
Craal2. Following long-term oxidation exposures, this layer became internally
oxidized and porous, making the microprobe analysis of these areas difficult to inter-
pret. Metallography indicated that there were two light etching phases in this outer
layer. A high, total element concentration was obtained from probe area 1 - 35.6Al,
51.5Cr, 4.4Fe, 6.4Co and 7.4Ni in atomic percent - and it was not possible to identity
the phase as a chromium or a chromium aluminide compound. The phase corresponding
to point 3, however, could be identified as a chromium from the ternary diagram.

Probe arcas 2 and 4 gave compositions corresponding closely to stoichiometrie (NiCo)Al.
The white dispersed phase in the lower part of the coating (points 5 and 6) was also
identified as achromium. (As shown in the previous analyses, this phase contained up
to 15 weight percent molybdenum which would, therefo. 3, account for the low values

in these analyses.) The other hard phase in the lower part of the coating, which
appearcd as irregularly shaped particles (point 7) was low in all of the elements
determined in this serics of analyres. Semi-quantitative microprobe traverses showed
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on IN-100 Alloy

that this phase was rieh in titanium and earbon, which logically ddentified it e o
MC earbide. A region of y' wis noi formed at the Intertace as with the 1 and € ey
ings, but the exposure times weve shorter tor the 1) cosnted speeimens,

The preseance of a lavge amount of chromium wis responsible fov ehinging
the phitse velationships at the higher temperatires. As mhown by Tavlior and Floyd's
Ni-Cr- Al, ternary system (Rel, 4), the presence of chromium suppresses the formation
of y'. MyAl, so that y and BUWiAl arc in cquilibrium with cach other at temperatures
down to ahout 1800°F (1000°C), The signilicance of thig is that the phase adjacent to the
BMAL and in contact with the oxidizing envivomnent is now v solid solution, wiael is
high in chromium and low in aluminum compared to the vy MyAL phase, and whicl is
less oxidation resistant by virtue of the formation ol 4 spinel=type oxide rather than
AL Og . Figure 37 is a photomicrograph of the trailing edge ¢ross—seetion of the test
specimen (1950° F location) in Series 2 tests and shows how rapid oxidiation procecded
slong the Ni-Cr-Al y solid solution phase.
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114.1
100.5

271139 5,0 (2.3 | 57.4

111.3

e}

4.2 6,2162.6 (1,3 | 12.4

85.8

5.6 7,1{57.0(1,2 | 16,0

86.9

3.0 5,5 2.8|0,78(19.9

32,1

T~ &

14.1 16,8 | 6.5 (1.0 | 59,0

97.4

14,2 116,8 | 9.8 {0.71] 59,0

100.5

221176 | 8,710,191} 61,2

100.3

Test No. 32

Etchant: Oxalic Acid-Electrolytic
Magnification; 750X

AFTER 603 HOURS; Series 1 Tests (Tmax 1870°F)

FIGURE 36, ELECTRON MICROPROBE ANALYSIS OF D COATING ON IN-100 ALLOY
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X Conting, on 1900

Feading and teailing edpe Joeations (1725° 1 and 1950° 17, respectively) of the
speeimen exposed 2000 honrs in Servies 2 este are shown in Figure 38, The the rmno-
pravimetvie data for this specimen did not indicate {ailuve after this exposure but, s
can he seen from Figure 38, the conting was completely consumed at the trailing cdge
and the appearance was typical of exposed, uncoated BI900. A 1he leading edge the
coating was ahout 50 percent eonsumed (in terms of remaining BMAL). Extensive !
had formed both as isolated, irregular shaped particles in the MAL matrix and as a
continnous zone at the interface. This type of y' formation was typical of the coatings
containing silicon. In the Series 1 tests, I and H coated specimens survived over
3000 hours, but unfortunately a failurc in the temperature controlling equipment caused
overheating and localized melting at 3040 hours. Metallography was performed on the
specimens, but gross structural change had occurred in both substrate and remaining
coating such that evaluation was of no practical significance.

Microprobe data for the Series 2 tests are shown in Figure 39, The tempera-
ture corresponding to this location during test was 1785° I, The structure shown in
Figure 39 would exemplify coating failure based on the mdtallographic eriterion of
breakdown of the continuous 8MAL layer. The y' phase constituied the "eoating "
matrix and, in addition to the large islands ol B, there were fwo other discernible
phases, mostly close to the original coating matrix interface and usually in vontact
with cach other. One of these resembled the high silicon phase, which was idenatificd
in the € conting, while the other appeared as white discreto particles.  The Light grey,
high silicon phase wis difficult to see under the micre probe, opticol microscope (300X
magnitication) and, in fact, was only jus=t visible 5t 1000X undo v the metatlopraph,
Microprobe detorvmination No. 6 wis an attempt {o analyye this phase, but, 08 way
obscerved by the rosidund carbon spot, the analysis wies perforned parily on the white
cteling phave and partly on the high silicon phose.  The vilues of 1.0 [0, ISi; b 6l
6.6C0; 26 1TNi and 2,60 (mtomic percemt) showed that the shopinum level wis very low
and that Siwae concentrated in this 2res.  Molvhdenum wis not tdetermined, which may
explain the faw wotal element vadue. The other analyses identificd the yh and Bphases
and howed that the chromium concent ration wis duite Jow in the coatine .0 weight
pereenty comprived ta the oviginal B1909 alloy composition (8 weisht pe ;e As
tanal, cobobt wis present to ohout the same lovel s in the malris alloy in both y' and
Bvhuseswinde tantalum was apparontly rejected Jrom the AMAL. The carlier analysis
on speciimens tested Jor 100 hours chuwed that abont 2.0 weight percent silicon and
G.0 werpht pereent chromium was present in both y' and Fphases. The later analyses
indrcated, therctare that these two elements wero progressively lost during the long-
time axadinion exposures. Both metallography and microprobe analyses showed that
bbb overdiffusion of Al ond Ni occurved ot the conting/matrix interface,
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Local Temperature: 1785°[

Test No. 35

Etchant: GOxalic Acid-
Electrolytic

Magnification: 750X

Composition
(wt %)

Al Coj Cr | Ni Si Ta | Total
1/16,2] 9,0 2,1]70.0(0.05[2,1 | 99,4
2130.8| 8,7 2,566,5 - - 1108.5
31 17.57 9.0 2,1{71.210.05]2.,1 {102.0
4(117.0{ 8.6 2.1:70.0 - 12,8 {100,5
51 1.9} 7.0110,9 27,6 {5.,10]8.5 | 61,0
6157 8.3 2,2]69.8 - 13.8 1100.0
7T{14.5}110,4| 4.6 |66.1 - | 3.4 | 99.0

€ 8| 9.1 9.8 6.3 64.5 | -~ 3.2 | 93.2

FIGURE 39, ELECTRON MICROPROEE ANALYSIS OF F COATING ON 31900 ALLOY
AFTER 2000 HOURS; Serics 2 Tests (Tmax 1950° F)




G A(‘u:»ﬂ.i}l!){ on 31900

The G conting wad proviously shown to he more complex than most others

applied to nickel-hase alloys. The couting progess apparently involved a chromizing
cyele prior to aluminizing which produced a coating with a hard o chromium layer at
the intertace o along the conter of the sluminide layer. The G coating was subject

to void formation and spalling along the chromium-rich layer and the metallographic
datiindicated that this wos a function of coating structure uniformity. Figure 40 shows
the straciure at Jeading ind trofiing edge locations (1725° F and 1950° F) of the specimen
tested for 1360 hours ot 2000° . The aluminide layor was completely consumed at the
trailing edye and the three phases, v, v' and a chromium, were visible in the residual
costing layers. At the lower temperature loeation a fairly thick aluminide layer was

refained.  Chromium-vich phases were present throughout the coating in this particu-
lar specimen and were not as eoncentrated along the intermediate zone as in other
specimens which were examined. Considerable scatler was cbserved in the perfor-
mance of G coated specimens, and it was possible to relate this to the distribution of
the chromium-rich phuse. Wherever this phase made contact with the exposed surface
and intermediate layer, rapid oxidation occurred beneath the BMAI] layer and subsequent
spalling occeurred.

Specimens G59 and G36 provide a good example of the variation in coating
performance. These specimens were rig tested simultaneously in a Series 3 test.
Specimen G36 spalled badly and was removed from test after 440 hours, while G59
showed no signs of failure after 520 hours. All testing on the program was concluded
at this point. Microprobe data for these two specimens are shown in Figures 41 and
42. The temperature corresponding to these locations during test was 1855°F. Phases
positively identified from the data in Figure 41 were BMAL(2); aCr(3 and 5); and
y'M3Al(6). The matrix analysis (8) at the centerline corresponded well with the known
B1900 values. The second analysis (Fig. 42) was carried out to identify any compo-
sitional differences between G59 and G36, which could account for the early failure of
specimen G36. The major difference was the presence of considerably more of the
ehromijum-rich phase throughout the couating on specimen G36. The frequently observed
bresence of this phase, connecting the outer surface and intermediate layer, (point 1
m Fig. 42) was clearly responsible for oxidation and spalling. In contrast, the coating
on G59 contained a narrower and more uniform o chromium layer which did not make
direct contact with the oxidizing environment at any point. Figure 43 shows that pMAl
was retained at the trailing cdge (2050° F location) on ihis specimen after the 520 hours
rig exposure. A point of significance in Figure 43 is that, although the remaining
8 MALI layer was quite thin at this location, extensive y' formation had not occurred as
was the case with the other coatings on nickel-base alloys. This implies that the chrom-
ium layer was en effective difiusion barrier to aluminum diffusing inwards and/or
nickel diffusing cutwards, preventing dilution of the pMAL phase by matrix/coating
reactions. The aluminuia depletion mechanism would he largely restricted to formation
and spulling of 0 Al;03. The formation of & wide band of y solid solution at the interface
was typical of the ehromium-containing coatings as mentioned previously.
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FIGURE 40, MICROSTRUCTURE AFTER 1360 HOURS IN SERIES 2 TEST;
G Coating on B1800 Alloy (T q, 1950°F)
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Test No. 3%

Etchant: Oxalic Acid-
Electrolytic

Magnification: 750X

-]

Local Temperature; 1855°F

Composition
(wt %)

Al Co Cr Mo : Ni Ti Total

1122,1) 83| 6,8 1,8(69,0(0.12 | 108.1

B 7.0 7.6 1,7165,8 [0.12 |110.0

7
0.3} 2,4 81,0 9,8 4,5 [0.09 | 98.1

41 15,41 8.7 11,6 1,9(53,5{1.,00 | 92.1

50 9.8 83.8169,5113.5] 5.1/0.31 102,0

61 12, 7.9 8.6 1,8/60.310.65| 91.7

71 9.6 9.4 7.2 7.2{58.6|0.63 2.6

€8 7.9/9.9] 8.2] 6.1{68.3|1.10 [100.5

FIGURE 11, ELECTRON MICROPROBE ANALYSIS OF G COATING ON B1900 ALLOY

AFTER 520 HHOURS; Serics 3 Test (Tmax 2050° F)
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Specimen No. G36

N

Test No. 37

Etchant: Oxalic Acid-
Electrolytic

Magnificaticn: 750X

Local Temperature: 1855°F

. Composition
b (wt %)

Al Co Cr | Mo Ni Ti Total
55.60 | 3.50)| 68,6 | 5.3 11,40 0,06 | 144.5
27.40 | 8.10|19.8 | 1.4} 55,50 0,13 | 112.3

1
2
3| 3.70| 5.40} 56,9 | 1.6 15.80|0.06| 83.5
4| 5,20 0,60] 76.4 [13,3| 0.93]1.30| 97.7

5| 0,60)12,80|23.1| 5,5|51,20|4,00| 97.2 ¢

6( 7,10} 10,10 12,2 | 4,366,50] 0,43 | 100.6
7

€ 7.90 11,40 (12,4 | 5.2|67.80| 1,30 | 105.0

VIGURE 42, ELECTRON MICROPROBE ANALYSIS OF G COATING ON B1906 ALLOY

oo AFTER 440 HOURS; Series 3 Test (Ty,,, 2050° F)
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FIGURE 43, MICROSTRUCTURE OF TRAILING EDGE OF SPECIMEN G59

H Coating on B1900 Alloy

The H coating was one of the thicker coatings applied to the program alloys
and exhibited good performance in the short-term, high-temperature tests. Specimen
H3 had not failed, according to the thermogravimetric data, after 2000 hours in Series
2 tests. Metallography, however, showed that no coating was retained at the trailing
edge location after this exposure. Figure 44 shows the anpearance of the blade cross-
section at the extreme temperature locations (1725° I and 1950° F). Although the
surface appearance of this specimen was good at the completion of the test, the low
magnification photograph of the trailing edge showed that oxidation-erosion sufficient
to change the specimen profile had occurred. At the trailing edge the specimen surface
was again typical of exposed, uncoated B1900. The remaining SMAL layer at the
leuding edge was quite thick and significantly less of the y' phuse had formed within the
B, compared to the silicon containing coatings (e.g., Cand F). The usual zone of v
plus isolated precipitate particles had formed at the interface.

Figure 45 shows the combined metatlographic-microprobe analysis which was
performed on specim-n H3 at the mid seetion (1785°1"). The coating had tailed at this
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Local Temperature;

Specimen No. HY

1785° ¥

Composition
(wt %)

Al { Co| Cr| Ni Si Ta |Total

1/18,119,2| 1,7(63.5/0,80(0,7 |100.0
2125.3(86.4] 1.9]66,7]0.10] - {102.4
3 1.214.1]62,3| 4.210.701.2 | 73.7
4]i8.617,7]1 2,1165.0[0,70(3.1 ) 97,2
3115.618.8} 3,5166,0(0.40(2.1 ] 96,4
G]11.5({9.2] 6.7]65.1)0,40(2,3 95,2

Test No, 45

Ftehant;  Oxalie Acid-Eleetrolytie
Muagnification: 750X

FIGURE 15, ELECTRON MICROPROBE ANALYSIS OF 1T COATING ON 131500
ALLOY AFTER 2000 HOURS; Sorlos 2 Test (T, 1950° 1)




Locution, according to the metullographic failure eriterion, since §MAIL no longer
formed the conting=matrix phase. Phasos which could be positively identified from
these analyses were y'MaAL (1,4) and BMAL (2). The phase corresponding to {3) was
tentatively identitied as aCr and showed 71 atomie percent Cr; since earlicr analyses
had shown segregation of molybdenum to this phiase, the analyses would tend to agree
with & Cr-Mo hee solid solution,  The matrix analysis (6) was in a predominantly '
region, as determined by examination of the microprobe beam carhon residue spot,
which explains the high aluminum level.

4.1.3 Comparison of Nickel-Base Alloy Coutings (sec page 101 for Cobalt-Base Alloys)

The purpose of this program was to compare the structure and chemistry of
a variety of commereially available coatings and to compare their relative performances
in 1 simulated gas turbine environment. The chemistry of the coatings is, in most
cases, related intimately to the chemistry of the substrate alloys and, therefore, com-
parisons of couting chemistry and performance must include consideration of the
substrate alloy. The relative performances of the coatings nre discussed below, and
an attempt is made to relate these to structural and chemical differences.

Because of the large temperature gradient which existed between the leading
und trailing edge blade locations, it was possible to ohserve a coating structure on the
prepared eross sections corresponding to any exposure temperature between the two
extremoes - usually a range of about 200° F to 300°F., A ccating failure criterion was
established for the nickel-base alloy coating where the first appearance of a structure,
such us shown in Figures 27 and 45, was taken as the failure point. Specimens from
up to four tests were examined; thercfore it was possible to obtain up to four points on
# life~temperature plot for each coating. Since these data are limited, they were
plotted us bunds rather than as well -defined curves.

Figures 46 and 47 show the available data for the coatings on IN-100 and
B1900 alloys. On IN-100 alloy the B and C coatings showed similar life in the 1750° F
to 1850° I temperature range. The indicated temperature for 3000-hour life was be-
tween 1700° ¥ and 1800° F with the C coating, perhaps haviag a slight temperature
advantage. The D couting appeared to have the highest temperature capability in the
short-ierm tests (2100° F, 100 hours), but exhibited a steeper slope on the coating
life-temperature curves because of its spalling tendency. A

From Figure 47, the F and H coatings had the highest temperature (between
1765 and 1805° F), 3000-hour life capability. The chromium-containing G coating
appeared to have the highest temperature, 100-hour life capability (2100° ¥), but, similar
to the D coating on IN-100, exhibited a stecper slope on the life-temperature curves.
The data indicated a slightly higher 100~hour temperature for the H coating (2045° F)
compared to the F coating (2000° F). On an overall basis, the F coating on B1900 alloy
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appearead to have the highost temperature potential for 3000 hours life of all the coatings
on the nickel-base alloys.

Structurally and chemically, there were many similaritios between the F
coating on 131900 and tho C coating on IN=100, The presonce of silicon in both coatings
appeared to be related to the munner in which y' was formed within the MAl layer.

As pointed out previously, Guard and Smith's Ni-Al-Si diagram (Ref. 2) shows an
extended y' region to higher aluminun: levels than in the binary. This could account
for the extensive y' formation within the aluminide layer in addition to the y' formation
at the conting-matrix interface, which occurred with all of the coatings. Providing
the aluminum activity of the surface phase was sufficiently high to form the protective
Alp O, the oxidation rate was appuarently unchanged. The alvminum reservoir, there-
fore, was the most important factor. The presence of silicon in the oxide may have
been benelicial in terms of the spalling rate of @Alz03. The solubility of $iOp in
Al20g is known to be negligible in contrast to Cr90q, which exhibits complete
solubility. But the presence of a two-phase oxide, Al20g3 + 8iOg2, could have improved
plasticity which would tend to decrease spalling and, therefore, provide longer life

for the coating, Silicon was also found in the B coiiting, but to lower levels than in

C and F, and the grey etching phase was not observed. In many respects silicon was
the most difficult clement to analyze, and possible errors arising from such sources
as silicon carbide grinding papers must be considered.

The 1) and G coatings were less conventional and apparently applied in two-step
processes. Both coatings were shown to have serious limitations. The D coating on
IN-100 spialled badly in the outer chromium-rich layer (initially CrgAlg) due to internal
oxidation and/or nitride formation. The presence of chromium caused formation of a
y solid solution phase at the surface, which was stable in contact with BMAL. Oxidation
proceeded maore rapidly than if y'MaAl had formed,

Apparent lack of control in the G couting process produced variations in the
amount of chromium-rich phase present within the aluminide. Whenevor the chromium-
rich phase made contact with the oxidizing environment, accelerated oxidation nnd
subsequeni spalling occurred. Good performance was exhibited by one or two speci-
mens in which the chromium layer was restricted to g narrow, continuous luyer at the
coating/incinl interface or intermediate zone in the coating. Under these conditions,
the chromium layer appeared to prolong the coating lite by restricting aluminum and/or
nickel dittu=ion acrosse the {nterface. This eoating {8 potentially a4 good performoer,
providing thir hetter control of the application process 18 schieved. Ballistic impact
properties should, however, be considered bocausu of the apparent brittlencss of the
chromium fuyer,

The AT eoating on B1900 and C coating on IN-100 had similar lives and, on an
overall bisii, could he rated equally as second best performer. The data indicate that
the C and ( contings were the "same' (i.e., applied by the same process); in which
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case, the better performance of the F coaling must be related to the substrate compo-~
sition. The probe analysis showed that the clements, which entered and were retained,
in tho coating (in addition to nickel) were cobalt, chromium and titanium. Other
clements such as molybdenum and tantalum, which represented signiticant composi-
tional differences hetween the two alloys, did not enter the coating to any appreciable
' extent. It could not be determinad conclusively which of the clements, Co, Cr and
Ti, could contribute to more rapid degradation, but it is felt that the y solid solution-
forming elements, Co and Cr, could have caused slightly more rapid degradation of
the C coating compared to the F coating by formation of the y phase at high tempera-
, tures in preference to the more oxidation resistant y' phase. The effect of the cobalt
level in the substrate alloy on y-forming tendency has been confirmed in a current
program at Solar (contract N00019-68-C ~0532). High cobalt alloys such as IN-100 ]
formed a continuous y layer at the coating-metal interface, while low cobalt alloys
i such as 713C formed a y' interface layer when the same coating was applied. Redden
. (Ref. 5) noted the adverse effect of titanium in the substrate on the oxidation resist-
ance of aluminide coatings. The poorer performance of the C coating on IN-100 com-
pared to the F coating on B1900 may he in a large part due to the high concentration
of titanium in the IN-100 alloy.
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Silicon was not found in the H coating to any significant level, a fact which
tends to support the conciusion that this element is beneficial to optimum coating life

- and may be related to a decreased spalling rate of protective Al,03. However, a potent- 4
b ial problem was shown to exist which was related to the presence of silicon. An incipient
melting phenomenon was observed in specimen C52 which caused bulging of the coating
g : at the trailing edge location (Fig. 48). Microprobe analysis and high magnitication
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Magnification: 40X

FIGURE 48, SPECIMEN C52 AFTER 2560 HOURS AT 1870° §
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metullography of this region is shown in Figure A-2 of Appendix A.
perature was ahout 1870° F, The metaliography and prohe data indice
incipient melting was associated with se sregation of silicon.,
therefore, could result in o low melting point counting,

The loeal tem-
afted that the
An exeoss of silyeon,

The lormation of a y' zone at the conting-marix interface tool place in oll
the coating/substrate combinations (nickol alloys)., 'This Layer was maodified in the
cise of the echromium-rich coatings sueh that v solbid
tures above 1800° F, At locations corresponding o temperatures ol hetween 17000
and 1800° 1" i acieular phase was formed within the v ditfusion zone Liyor. loxamples
are shown in Figure 49. In the previous work, this phase was tentatively identidiod
as acicular g phase. In view of the work of Collins (Rel. 6) which showed that  phase
wis not stable above about 1620° I in typical superalloys and, more vecently, the work
ol Havalda (Ref. 7) which identified formaiion of acicular i from y'in o Ni-Cr -Ti-Al
alloy, u positive identification of the phase shown in Figure 19 could not he made with-
out X-ray analysis on extracted particles. More important thun the identific

the phase would be an evaluation of its effcel on mechanice
alloy.

solution wis formed ar (eainpe e

ation of
al properties of the coated

4.2 COBALT-BASE ALLOYS

Tests on the cobalt-base alloys were concentrated primarily on the J and L
coatings on X-10 alloy and on the O and P coatings on WI-52 alloy. These four coatings
exhibited best performance on the cobalt-base alloys in the Task Il, 100-hour ¢creen-
ing tests. Specimens of the K coating (on X-40) and N coating (on W[-52) were used
as required Lo fill in the test specimen holder. Weight change during testing, surface
dppearance alter test, metallographic and electron microprobe analysis uafter testing
are Included in the following sections.

4.2.1 Weight Change and Appearance

Curves of cumulative weight change plotted as a tunction of exposure {ime at
temperature are presented for the three temperature levels - Scries 1, Series 2, and
Series 3. Photographs are shown of the surfuce appearance of

selected specimens
after the oxidation-erosion tests.

Sertes 2 - Oxidation~Erosion Tests (Tpyax 1845° F)

The weight change curves for the Series 1 tests onthe J, L, N, O, and P
coatings nre shown in Figure 50. Based on visual evidence of severe substiute
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Specimen B51
1300 Houvrs at 1780° F
Magnification: 750X

Specimen C48
1370 Hours at 1780° F

Magnification; 750X

Specimen G446
545 Hours at 1750°F
Magnification: 750X

FIGURE 49, EXAMPLES OF ACICULAR PHASE FORMATION AT THE COATING/
MATRIX INTER CACE OF COATINGS ON IN-100 AND B1900 ALLOYS
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oxidation and rapid metal loss, the O coating was removed from test after 1000 hours
exposure. The lirst visual evidence of coating failure was observed at approximately
650 hours At this time. a small area of spalled coating and blue~to-black oxide was
apparent on the concave surface of the blade along the trailing edge (Fig. 51A). This
avea slowly mereased in width and depth.  After 860 hours of exposure the substrate

oxidation was extremely rapid. Figure 51B shows this failed area on the concave
surfnee after test,

The 1. coated X-40 alloy specimens exhibited slight coating spalling after
approximately 500 hours total exposure. From 500 to 1400 hours, the specimens
continued to slowly lose weight in a uniform manner. After approximately 1400 hours, 1
both specimens exhibited a large increase in substrate oxidation and a correspond-
ingly rapid weight loss. Specimens were removed from test after 1480 hours exposure.
Figure 52 shows the surface appearance of the L coatling aftier test.

Erosion-oxidation tests on the J and P coatings were terminated after a total
ol 1580 hours exposure. The coated specimens are shown in Figures 53 and 54. With
both coatings, the specimens cxhibited some evidence of coating loss, spalling and

substrate oxidation. All failure sites oceurred along the trailing edges on the concave
surfaces.

Series 2 - Oxidation-Erosion Tests (Tyax 1950° F

Results of the Series 2 tests performed on the J, K, L, N, O, and P coatings
are shown in Figures 55 and 56. The .J coating (on X-40 alloy) exhibited excellent
performance in the test. At 994 hours the test wus terminated when the average weight ‘
loss of the two specimens was in excess of 20 milligrams (one specimen had lost ’
$4.4 mg and the other specimen had lost 16.3 mg). Visual examination showed sub- T
=trate oxidation and erosion along the trailing edges of both specimens on the concave
surface of the blades. One specimen after test is shown in Figure 57.

On the WI-52 alloy, coating P exhibited the best performance (as judged by
weight loss and visual appearance only). The performance of this coating was some-
what better than the O coating and considerably better than the N coating. From the
shape of the weight change curve for coating P, coating depletion and oxide buildup
were essentially cqual from 400 to 600 hours; aluminum depletion then reached a point
at which ¢-Als0O3 could not be maintained and the specimens were oxidized quite
apidly.  Specimens were removed from the test at §94 hours exposure (Fig. 08).

The O coating (on WI-52 alloy) exhibited a weight gain for approximately
330 hours similar to that shown by the J coating. However, from 330 to 475 hours,
both specimens lost weight quite rapidly (0.12 mg/hr); from 475 hours on, the coating
fuiled catastrophically in @ manner similar to that observerd during several 100-hour
tests in Task I (Ref. 1). Specimens were removed from iest at 519 hours when the




FIGURE 51, SURFACE APPEARANCE OF COATING O AFTER SERIES 1 TESTS

(Lpax 1845° F)

B

Specimen 042

650 Hours Exposure
Weight Gain: 21.4 mg
Concave Surface

Magnification: 2.3X

1000 Hours Exposure
Weight Loss: 15 mg
Concave Surface

Magnification: 2.3X
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Specimen No. 147
1480 Hours Exposure
Weight Loss: 24,5 mg
Concave Surface

Magnification: 2.2X

[

FIGURE 52. SURFACE APPEARANCE OF COATING L
AFTER "%RIES 1 TESTS (Tmax 18453°F)

Speeimen No, J28
1580 Hours Exposure
Weight Gain: 17,9 mg
Concave Surface

Magnification; 2,2X

FIGURE 53. SURFACE APPEARANCE OF COATING J
AFTER SERIES 1 TESTS (Tiyax 1845° 1)
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. - - FIGURE 54, SURFACE APPEARANCE OF COATING P AFTER SERIES | TESTS
_ w : (Tmax 1845°F)
, average weight loss of the two specimens reached 20 milligrums. Specimen 045 after
;; g i test is shown in Figure 59.
; ' Coating L. (on X-40 alloy) exhibited fair performance in the test. First o ‘

observation ¢ ¢ coating spalling and substrate attack was apparent after approximately
150 hours exposure. Specimens were continued in test to a total of 519 hours exposure.
The surface appearvance of specimen 145 after test is shown in Figure 60.

The: results of the test on the K and N coatings (Fig. 56) show considerable
C difference in performance between ~pecimens. It should be noted, however, that the
= . Nand N coatings consistently exhibited the poorest performance in all the previous
. oxidition—erosion tests. The extreme variation in oxidation protection for the K
coiting can probably be expliuined by the large variation in coating thickness side-to-

side (Ref. 1),
. A
Paorest performance was exhibited by the N coating on WI-52 alloy. Both .
specimens exhibited an immediate welght loss similar to that previously shown by this
coiting svstem in previous Task II tests, Exposure time for an average weight loss |
of 20 my was only 85 hours, J
|
Series 8 - Oxidation-Erosion Tests (Tmax 2050° F) i
The weight change curves for the Series 3 tests on the J and P coatings are
v - shown in Figuye 61, Surface appearance of specimens aiter approximately 250 hours l |
e exposure are shown in Figure 62, ’ |
AL |
o !
3 § 76 '
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FIGURE 55. WEIGHT CHANGE VERSUS TIME FOR COATINGS J, L, O, AND P
DURING SERIES 2 TESTS (Tpax 1950° F)
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FIGURE 56. WEIGHT CHANGE VERSUS TIME FOR COATINGS K AND N
DURING SERIES 2 TESTS (Tmax 1930° F)




Specimen J2

994 Hours Exposure
Weight Loss: 34.4 mg
Concave Side

Magnification: 2X

FIGURE 57, SURFACE APPEARANCE OF COATING J
AFTER SERIES 2 TESTS (Tpyp-. 1950° F)

Specimen P29
694 Hours Exposure
Weight Loss: 47 mg
Concave Side

Magnification: 2.25X

FIGURE 58, SURFACE APPEARANCE OF COATING P
AFTER SERIES 2 TESTS (Tinax 1950° F)
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Specimen 045
520 Hours Exposure
Weight Loss: 23 mg
: Concave Side
Magnification: 2.25X
- FIGURE 59. SURFACE APPEARANCE OF COATING O
AFTER SERIES 2 TESTS (Tmax 1950°F)
. Specimen 145
4 520 Hours Exposure J
’? Weight Loss: 35 mg
‘; Concave Side
Magnification: 2.25X%
! l
{ : ' i : ‘
FIGURE 60, SURFACE APPEARANCE OF COATING L
3 APTER SERIES 2 TESTS (Typax 1950° F) ‘
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FIGURE 61, WEIGHT CHANGE VERSUS TIME FOR COATINGS J AND P
DURING £ERIES 3 TESTS (Tyjax 2050° F)

These two coatings were not tested to failure, i.e. » 20 mg average weight

loss. The specimens were inserted into tho test as replacements for the C and F -

coatings as they failed and were removed from test. The entire test was terminated .

when the remuaining two coated nickel-base alloy specimens (H couating on B1900 alloy)

failed.  From the shape of the weight change curves, it is apparent that the coatings

i hoth started to tail at approximately 70 hours total exposure. All specimens exhibited
a maximum weipght gain and the first appeurance of blue oxide (CoAlaQy) was observed
at this time. Weight loss from 70 hours exposure to the termination of the test was
slower for the J§ coating (on X~40 allay) due to the more oxidation resistant substrate
alloy. Both cootings after test showed visual coating failure. The J specimens showed
slight coating «pull and some blue-black oxide; whereas the P specimens exhibited a gl
targe loss of conting and the subseyuent appearance of black substrate oxide {Coz0y). '

4.2.2 Coating Fvaluations - Cobalt-Base Alloys

Table Tv shows the exposure times aod I.(‘mpcrﬂtl:l res for the conted X-40 and
Wi=52 alloy =pr-cimens which were evaluated by metallography and microprobe anulyses.
Representative metdlographie and microprobe analvsis data are discussed in the
fotlowing paviiaphs, Additional microprobe data ave included in Appendix A, - ‘




Specimen J50
: 200 Hours Kxposure
Weight Gaine 0,4 mg

Concave Surface

Magnification; 2,2X

Specimen PHO
220 Tlours Kxposuie
Weight Tors: 15,6 g

Concave Surface

Magnification: 2,2 !

FIGURE 62, SURFACE APPEARANCE OF J AND P SPECIMENS
AFTER SERIES 3 TEST (Tpax 2050° F)
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TABLE 1V

OXIDATION-RIG EXPOSURES OF COATED COBALT ALLOY SPECIMENS
ANALYZED BY METALLOGRAPHY AND ELECTRON MICROPROBE

) xpasnure Times (Hours) 1
X-40 Alloy WI-52 Alloy
Coating Coating
Test Temperature
° 1 (max.)* J K L N 0 P
1845 1580 580 1480 (H{ 100 1000 (f)| 1580
1950 985 (N 170 (| 519 (O] 160 (f)| 519 (H] 694 (f)
250 (D)
2050 250 - - - - 220
f = Coating failure based on 20 mg weight loss
*= Imbedded thermocouple

The same metallographic failure criterion as used for the coatings on nickel -
base alloys was adopted for the cobalt alloys to obtain coating life vs. temperature
curves. TFailure ol the coating and noticeable substrate attack occurred over a much
more localized region (temperature range) than with the nickel-base alloys. This fact
can be related to ihe phase equilibria. The binary Co-Al system (Fig. 63) has no phase
of intermediate aluminum level between BCoAl and «Co, analogous to the y' in the
Ni-Al system. (For the Ni-Al system, superior oxidation resistance was afforded by
the y' phase than the matrix composition.) At 1800° F, BCoAl containing 20 weight
percent Al is in equilibrinm with aCo containing only 5 weight percent Al. Thus, when
the MAI phase in the coating has been consumned, rapid attack of the matrix occurs.
Figure 64 shows a continuous sequence of microphotographs along an airfc'l cross
section moving towurd the trailing edge and illustrates coating failure and substrate
attack on X-40 alloy. The distance between the first obse rvable discontinuity in the
MAL layer (coaling failure) and extensive substrate attack is less than 0.020 inch. An
M23Cg interface layer was identified which apparently had good uxidation resistance.
Coating failure on WI-52 alloy occurred in & similar manner, but the presence of MC
carbides having poor oxidation resistance resulted in rapid interface attack and

once the MAIl oxygen diffusion barrier was penetrated.
to the cobalt-base

spalling
In general, the coatings upplied
alloys were significantly thinner thon those on the nickel~base alloys.
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Coating Failure

|’ -t - 7

Magnification: 750X (reduced 107) Etchant;: Oxalic Acid-Electrolytic

FIGURE 64. REPRESENTATIVE COATING DEGRADATION OF COBALT-BASE ALLOYS
Note: Total Length of Blade Covered by These Photo-
micrographs Equivalent to 0,027 Inch (X-4C Alloy).



J Coating on X-40 Alloy

It was shown in Reference 1 that the J conting was the most uniform coating
on X-40 alley in terms of thickness and structure and was also the best performer in
the high-temperature 100-hour tests. In this series of tests, the J coating was con-
firmed as the best performer on X-40 alloy.

Figures 65 to 67 show leading and trailing edge sections of specimens from
Series 1, 2 and 3 tests. The coating had been consumed and substrate attack initiated
after 1580 hours at 1845° F (Series 1 test). Thermogravimetric data (Sec. 4.1) did
not indicate failure after this exposure based on an arbitrary weight loss criterion.
Severe substrate attack had occurred at the trailing edge of Series 2 test specimen
(Fig. 66) after an exposure of 985 hours at 1950° F. Above about 1800° F, coating
failure was followed by rapid substrate oxidation. The Series 3 test also showed fairly
extensive substrate attack at the trailing edge (Fig. 67), but failure was not indicated
by the thermogravimetric data.

The microprobe data for specimen J28 are presented in Figure 68, The
majority of the microprobe analyses were performed at the same location on the blade
cross section, i.e., midway between leading and trailing edges on the concave side,
The temperature corresponding to the location on specimen J28 was 1740°F and, as
shown in Figure 68, the coating was still providing full protection to the substrate after
the 1580 hours exposure, having lost only about 20 percent of its original thickness.
The analysis in the oxide (Point 1) showed the presence of appreciable amounts of both
aluminum and cobalt, indicating the presence of both A1203 and Co304 spinel, which
was determined by surface X-ray diffraction studies on the 100-hour test specimens
(Ref. 1). The aluminum level in the BMAl (Points 2 and 3) was about 22, 6 weight percent
(37 atomic percent) which, on the hinary Co-Al diagram at 1700°F, would be just inside
the B phase field. At lower temperatures the composition corresponded to the o + 8
two-phase region and, therefore, B of this composition is metastable. The data
indicated, therefore, that the aluminum level was depleted almost to the point where
the non-protective aCo would be formed within the coating (in addition to the very thin
layer at the surface), Figure A-6 in Appendix A shows the probe data for specimen J44
(Series 2 test), After 994 hours at 1785°F the aluminum level in the BMAI was shown
to he about 30 weight percent (48 atomic percent), The equilibrium solubility of chro-
mium at this temperature in the 8MAl was indicated to be about 8.0 weight percent,

Probe area 4 in Figure 68 was in the continuous chromium-rich interf ace
phase which formed with all of the coatings on X-40 alloy, This phase was frequently
noted to be continuous with the large Mg3C, carbides in the matrix. (See Fig, A-6 in
Appendix A,) Assuming the Co and Al values to be mostly background interference,
the analysis of Point 4, 69.2Cr, 15,5W, 10.0Co. 2,0Al, 2,0Ni is in agreement with
a Cry; (Mo, W), Cy composition which, in the abhsence of Mo, would be 71Cr, 24W, 5C,
Additionally, qualitative scans for carbon and chromium indicated that the matrix
MyyCy; phase and .he interface phase were identical. Because of low refractory metal




Y

Leading Edge Trailing Edge

’

Local Temperature; 1625°F Local Temperature; 1845°F

~ ——

FIGURE 65. J COATING ON X-40 ALLOY AFTER 1580 HOURS; Series 1 Test

i Etchant: Oxalic Acid-Electrolytic Magnification: 40X ‘ ‘

Leading Edge

Specimen J44

‘e

lL.ocal Temperature; 1725°F

Local Temperature: 1950°F

FIGURE 66. J COATING ON X=-40 ALLOY AFTER 985 HOURS; Serics 2 Test }




Leading Edge

Specimen J2
Etchant: Oxalic Acid-Electrolytic

‘
Magnification: 40X

Local Temperature: 1740°F

Trailing Edge ‘

Local Temperature: 2050°

FIGURLE 67. COATING J AFTER 250 HOURS KXPOSURE IN SERIES & TIRT
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Specimen No, J28

\ . \: R .‘, '.‘_v.v . ‘\, p L“ {9}
& n . ’ O_Q .l“!:,,-" ..‘v 4 l' 4
o
‘\ 1
; RN 4
D T ~ Test No. 36
T 06 e Etchant: Oxalic Acid-
T M . ) Electrolytic
e o " Magnification: 750X
Local Temperature: 1740°F
Composition
(Wt %)
Al Co Cr Ni Si w Total

1 130.00 | 35.5 9.3 | 12,5 ] 0.40 2.0 89.7
2 122,10 | 54,6 7.9 | 14.4 | 0,63 2,0 | 101,6

3 122,30 | 53.7 8.0 | 14.6 | 0.60 2.1 }1101,3

4 2,10 | 10,2 |69.2 2,11 0.27 |15.5 99.4

5 1.50 { 60,8 |24.0 8,71 1.00 6,3 | 102.3
G 0.43 | 55.4 |29.8 7.1] 0,95 7.0 {100,7

7 | 0,25 | 57.7 [26.0 | 11.3 | 0.83 7.0 |103.1

FIGURE 68, ELECTRON MICROPROBE ANALYSIS OF J COATING ON X-40 ALLOY
ATTER 1580 HOURS; Scries 1 Test (Tyay 1845° F)




content, only the MyqC; carbide is formed in X-40 to anv appreciable extent. In the
as-coated condition, CraAl was identified as a dispersed phase within the coating but,

as shown in the short term tests, this phase was not stable during thermal exposures,
Apparently the aluminum entered the BMAL and the chromium migrated to the Mo3Cyg
interface phase. From the current work, the presence of the interface carhide is
believed to he a significant factor in the performance of coatings on cobalt alloys,

Prohe location § showed very low aluminum level iu the substrate immediately helow

the coating, which is in contrast to the observations on nickel-hase alloys where inter-
diffusion across the coating-matrix intertace was apparently a significant factor in
coating degradation, The data suggest that the Mog Cg diffusion barrier restricted
coating degradation due to aluminum depletion by oxide formation and spalling, which
would explain why the relatively thin coatings on cobalt all oys performed relatively well
compared to the much thicker coatings on nickel-base alloys. Analysis of Point 6 appar-
eatly yielded un average value of the matrix and carbide. Points 5 and 7 (Fig. A-6

1

App. A) provide more realistic values for the carbide phase.

K Coating on X-40 Alloy

The K coating was subject to significant thickness variations from specimen-
to-specimen and from side-to-side (concave-to-convex) on individual specimens, This
thickness variation was reflected in the oxidation-erosion tests where considerable
variation in performance between pairs of specimens was noted, Table XV of Ref-

erence 1* reports a 2:1 thickness variation hetween convex and concave sides of as-
coated specimens,

Figure 69 shows the leading and trailing edge locations of the specimen from
the Series 1 test after 580 hours, This specimen had not failed according to the
thermogravimetric data, The photomicrographs show the retention of a continuous
aluminide layer at the hottest location; thus failure, as defined by the metallographin
criterion, had also not occurred, The coating thickness variation is evident from the
low magnification photograph of the trailing edge. Except for the absence of a
dispersed Cr2Al phase at the leading edge location, the coating was virtually unaltered
(structurally) from the as-coated conudition, At the trailing edge section, three phases
were cvident: an outer 0Co layer, a continuous BMALl layer and a continuous MygCy

interface laver, As judged from the growth of the a layer, the coating was close to
failure.

The structure at the center line and corresponding microprcbe analyses are
shown in Figure 70. Ercept for a thinner interface carbide zone, the structure and
composition were sintilar to the J costing on X-40 following oxidation-erosion rig tests,

* Nowe: Iu Tuble XV of Refevence 1 the reported thickness values for convex and concave
sides should he reversed: i.e., the coneuve side hod the thickest coating,
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Specimen K32

Magnification:
40X

Loca! Temperature: 1625°F Local Temperature; 18453°F
Etchant: Oxalic Acid-Electrolytic

Specimen K32
. .
3 ¢ \
g o ¢
3 i
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\‘ . A e 1‘
Magnification: v L )
750X N
1
Local Temperatures [825°F Local Temperature; 1315° 1

FIGERTE 60, MICROSTRUCTURE AFTER 580 HOURS IN SERIES |0 st
K Coating on X=-40 Alloy
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Specimen No., K32 h

» e
\ , = - . g Test No. 36
T Etchant: Oxalic Acid-
RS o Electrolytic
L Magnification: 750X
itx |

Local Temperature: 1740°F

Composition
(wt %)
Al Co Cr Ni Si w Total ;
1 132,00] 35.5 9.7 8.4 0,72 ¢ 19 86.5 ‘

2 125,90 | 53,2 9.1 [ 11.1 | 0,80 1.80 |101.9

: 5,50 | 21.2 | 55,7 2.9 1 0.60 { 10.80 96,7

4 0.46 ) 58.6 |29.3 8.1 1.00 4,70 |102.2
5 - 36,0 | 26,4 8.9 ] 1,00 4,60 97.2

€ 6| 0.30] 56.7 28.”

8.1 1 0,62 4,90 J 99.2

R i LT, USRS SIS S

FIGURE 70. EIECTRON MICROPROBE ANALYSIS OF K COATING ON X-30 AL LOY
AVTEIR 580 HOURS; Serics 1 Test (Thyyay 1515° 1)




The shghtly bigher aluminum level in the MAL phase of the K coating was in accord
with the shorter exposure,

L Coating on X 10_Alloy

The 1, cout ng was shown (Ref, 1) to have the lowest average thickness of the
coatings applied to X-10 alloy but structurally was very similar to the J and K coatings,
No significant structural or chemical differences having practical significance in terms
of coating life were identified in the present work,

The appeieance of leuding and trailing edge sections and the coating appearance 1
at the failure location of specimen L8 (1480-hour exposure, Scries 1 test) are shown
in Figure 71, At the trailing edge coneave side, complete coating consumption and
extensive substrate atlack had occurred, The temperature corresponding to the 1480-

hour fuilure Jovation was about 1800°F on the concave side (about 0,25 inch from the
trailing edgce tiy.

Microprobe analysis for the Series 2 test specimen exposed for 520 hours is
shown in Figurc 72, The temperature during test at this centerline location was 1785°F,
A high alunununs value 50 weight percent was determined in the aluminide phase with
a correspondingly lower chromium level (5 weight percent). The nickel level was about IR
the same as Found inJf and K coatings; (i.e., equivalent to the substrate level). The
interface phase (Point 5) had the same composition and was continuous with the massive
MagCg phase w the substrate (Point 4), and was therefore identified as the carhide. A
very low Al Jevel in the substrate was shown hy Points 5 and 6, The silicon values are
suspecet hecause of anomalously high readings in the substrate.

e

N Coating on Wi a2 ]

The major corbide phases in WI-52 have been identified as the script type MC 't
and the Mgt A0 euteetie,  The high refractory metal content MC carbide (Cb, W)C
did not go into eolution within the BMAIl phase as readily as the M:mCG carbide in coat-

ings on X 10 allev ol was present in the diffusion zone in all of the coatings on WI-52, !
This phase was recently shown (Ref, 8) to oxidize very rapidly in exposed, uncoated ‘
Wi-62, forming Copch, O

9

The us - veccived N coating was intermediste in thickness between the O and P
coatings but had o fow sluminum content in the outer layer which may have been an
indication of decscaving Al activity during the coating process, The N coating was
shown to be the worst performer on WI-42 alloy and very little testing was carried out
on this coating in the present evaluation,

iy
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Specimen L48

Magniflication;
40X

Local Temperaliye: 1625°F Local Temperature; 1845°F

Etchant; Oxalic Acid-Electrolytic

Magnification: 750X

Focal Temperature;  1800° F

FEGURTD 71, MCROSTRUCTURE AFTER 1480 HOURS IN CERLES | TREST,
LoCanting on X-40 Moy




FIGURE 72,

Local Temperature: 1735°F

Specimen No, L43

Tarr No, 33
Sericg 2 Test
Lxpoaure; 520 Hours

Efchant: Oxalic Acid-
Electrolytic

Magnification: 750X

Composition
(wt %)

Al [ co |cr | N [si | W | Towal

1 |31.9 [ 53,6 | 5.3 |12.3 |1.60 | 2.3 |107.0

2 [36.0 | 54.8 | 5.5 | 12.7 | 1.60 | 2.1 | 112.7

3| 1.9 /159 [58.4| 58| - |12.9 | 4.9

4| 1.1 18,2 |56.2 | 2.1 |o0.24 | 18.7 | 91.3

5 5.3 |60.7 |19.6 | 9.7 |2.40 | 6.9 102.6

6 | 1.7 [58.6 |21.1|10.9 [2.10 | 7.3 | 101.7
Gor | 0.9 | 59.3 |22.5 | 10,1 | .50 | 7.7 11030

ERCTRON MICROPROBE ANALYSIS OF L COATING ON X-40 ALLOY
AR 520 HOURS; Series 2 Test (Tmax 1950° F)
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Trailing Edge

i

Specimen N3¢

caang” ot e ot . ) .

Local Temperature: 1725°F Local Temperature: 1950°F
Magnification: 40X

Etchant: Oxalic Acid-Electrolytic

FIGURE 73. N COATING ON WI-52 ALLOY AFTER 160 HOURS EXPOSURE
IN SERIES 2 TEST

Figure 73 shows leading and trailing edge sections (1725 and 1950°F lccations)

of N30 after 160 hours exposure in the Series 2 test, TFajlure of the coating and exten~
sive substrate attack had occurred at the trailing edge.

Microprobe data and high magnificaticn me tallography for the saime specimen
are shown in Figure 74, More than 50 percent of the original SMAIl was consumed at
this centerline location (1785°F) so that only a thin layer (0.0005 inch) remained, The
outer layer (Point 1) was « solid solution, containing only about 5 weight percent Al, with
large oxide globules, A high aluminum level was obtained for the remaining MAI layer,
Immediately helow the coating (Points 3 and 4) was a complex region consisting of
different carbide phases and internal oxidation products in the ¢ matrix, The stability
of the microprobe beam was a problem on poorly conducting phases. Point 6 evidently
produced emissions from the mixed carbide phase and the matrix, Internal oxidation
of the carbide phascs at the coating/metal interface was responsible for coating spalling
once the 8 MAI layer was penetrated. Minor internal oxidation helow the coaling was
evident in add of the as-coated WI-52 specimons,




Specimen No, N30
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Local Temperature; 1785°F
Composition
R (wt %)
1. Al | colocr[Fe| W | Total
1| 4.80 | 68.2 | 25.9| 2.0 1.8 | 102.7
(I 2 [82.70 | 69.4 | 14.6| 1.5| 5.5 | 123.7
| 3| 9.90 | 71,2 | 26.7| z.0| 8.9 |118.7
4 | 4.00|19.3|62.3| - |26.4]112.0
o 5| 3.20 | 71,5 | 30.0| 1.9 | 8.4 | 115.0
- ‘% 6 | 1.20 | 35.3 | 55.4| - | 80.0 | 121.9
€7 | o.96 [62.2 | 27.7| 1.3 | 13.4 | 105.6
FIGURE 74, ELECTRON MICROPROBE ANALYSIS OF N COATING ON WI-52 ALLOY
AFTER 160 HOURS; Series 2 Test (Tpppy 1950° F)
1.
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O Coating on WI-52 Alloy

The O coating was the thinnest coating applied to WI-52, A high aluminum
level, however, was determined in the as~coated condition and the aluminum level was
highest in the outer layers in contrast to the N coating, which showed a decreasing
aluminum gradient toward the surface.

Specimen 042 survived 1000 hours in the Series 1 test before failure occurred
as indicated by weight loss data, Th> leading and trailing edge sections (local tempera-
tures were 1625°F and 1845°F) are shown in Figure 75. Substantial substrate attack
had occurred at the trailing edge but the coating was still intact at the leading edge, 1

4

Leading Edge Trailing Edge

Local Temperature: 1625°F Local Temperature: 1845°T
Magnification; 40X
Etchant: Oxalic Acid-Electrolytic

FIGURE 75, O COATING ON WI-32 ALLOY AFTER 1000 HOURS EXPOSURE
IN SERIES 1 TEST

The structure at the center location ( 1740°F) and corresponding microprobe
analysis are shown in Pigure 76. The @MAl was still present as a eontinuous layer ot
this location but the determined Al composition (Points | and 2) was low (abovt 20 weight
percent).  In the binary phase diagram this aluminum composition is just on the f/o+ g




boundary at 1740°F, The coaiing failure location was defined at a region very close to
that shown in Figure 76, Point 3 was in an area of carbides and internal oxides, The
oxides exhibited a fluorescence under the electron beam, characteristic of AlyO3.
Analyses 4 and 5 were typical substrate compositions. Iron was found to be distributed
uniformly throughout the coating and substrate.

P Coating on WI-52

The P coating was found in previous work (Ref. 1) to be the best overail per-
former on the WI-52 alloy. It was shown to be the thickest and most uniform coating
on WI-52 in terms of structure and aluminum distribution. The superior performance
of this coating on WI-52 was confirmed in these longer term tests.

Figure 77 shows the low magnification photomicrographs of specimens tested
in the Series 1 and Series 3 tests. Neither specimen had failed according to the thermo-
gravimetric data and no gross substrate attack could be observed at the trailing e'~e
locations after 1580 hours at 1845° F and after 220 hours at 2050° F. This coatin;, vas
the only one on cobalt-base alloys which offered more than 100 hours protection at tem-
peratures above 2000° F based on the Series 3 tests and is in conflict with the data
presented in Volume I (Ref. 1) which showed coating J {X-40 alloy) to have superior
oxidation resistance at 2000° F and above. Differences cannot be positively accounted
for in this investigation, but microstructures in Figures 67 and 77 definitely support
the superior performance of the P coating over the J coating. N ]

More detailed metallography of Specimen P49 (1580 hours, Series 1 test) at
the trailing edge is shown in Figure 78. The coating had failed at a location corres-
ponding to an exposure temperature of 1845°F. (Fig. 78A) and oxidation of the MC
carbides and a substrate at the interface was evident. Figure 78 B was at a slightly
cooler location about 1/8 inch along the blade from 78A, Although the coating was
fully adequate for continued protection at this location, significant internal oxidation
at-the interface had oceurred due to oxygen penetration from the failed region, =

The structure and wicroprobe analysis of the same specimen at the centerline
1740° F location is shown in Figure 79, Virtually no change in thickness from the as-
coated condition was found at this iocation, and the dendritic or script-type MC car-
bides in the lower half of the coating were also apparenily unchanged. The major coating
phase (Points 1 and 2) was essentially CoAl containing 7 to 8 weight percent chromium,
Area 1 in atomic percent, yiclded 41, 2Al1, 48, 0Co, 6,5Cr, 0,.8W, 1.2Fe and 2, 3Si.

The chromium-rich phase (Point 3) was similar in appearance (o the Mgy C; phase and ) ‘
Point 4 was a region of MC carbides, B8MAl and chromium-rich phase. Points 5 and 6 l
were very similar to the centerline matrix value (Point 7) except for 1.7 weight percent 3
Al In Point 5 at the coating/matrix interface. Again, surprisingly low aluminum values

were oblained just below the coating. Iron and silicon appeared to be present to ciquiva-

lent amounts in the MAY and WI-52 matrix.




Specimen No, 042

Local Temperature; 1740°F

Test No. 36

Etchant:

Oxalic Acid-
Electrolytic

Magnification; 750X

Composition
(wt %)

Al Co Cr Fe Si \' Total

1 [20.10 | 64.0 | 10.0 | 2.4 1.20 | 4,65 | 102.4

2 119.70 {63.0 | 10.0 | 2.4 | 0.99 5.00 | 101.1

3 120,30 [25.9 [ 27,3 0,4 0,49 15.30 | 89.7

4 | 2,20 {64.7 | 22,5|2.3|0.90! 10.90 | 103.5

5 | 0,77 |63.5 | 24,0 | 2.3 | 0,94 | 11.40 | 103.3
€6 | 0.11 [66.1|25.4|2.4]0.95| 8.40 | 103.4

FIGURE 76, ELECTRON MICROPROBE ANALYSIS OF O COATING ON WI-52 ALLOY

AFTER 1000 HCURS; Series 1 Test {Tmax 1845° F)




Leading 1odpe
{5 !

Trailing Fdge

Specimen PA9

15680 Hours
Exposure

Series 1 Test

Magnification: %\
40X -
“.ocal Temperature; 1625°F Local Temperature; 1845°F

Etchant: Oxalic Acid-Electrolytic

Specimen PS50
220 Hours
Exposure

Saries 3 Test

Magnification:
40X A ’
Local Teniperatnee. 170001 f.ocal Tompevafure: 20407 [

FIGURE 7%, P COATING ON WI-32 AFTER OXIDATION  EROSION 150 pose i



Specimen P19

1580 Hours
LX]&){)SUF(;

y!-br ! % b»c;ﬁ

P ha“"‘

Series 1 Test

....r)

Local Temperature: 1845°F Local Temperature; 1825°[
Magnification;: 750X
Etchant: Oxalic Acid-Electrolytic

FIGURE 78, COATING FAILURE AND INTERF ACE OXIDATION
ON P-COATED WI-52 (Tpayx 1845° F)

b.2.3 Comparison of Cobalt-Base Alloy Coatings (sce page 66 for Nickel-Basc Alloys)

The known temperature gradients along the airfoile during the threc scrics
of tests were used to correlate coating [ailure (defined metallogreaphic ally, c¢.p.
Uig, 61 and 78) with exposure tempe ratuw ana time, Figure 80 shows the av:ul:mlc
duta o n lemperature/log time plot for X-10 and WI-5§% alloys.

The J coating had the highest temperature capability, over the entire tempera-
fre vange, of the three coatings on X-40 allov. The exty apoiated tempe rature for
S000-hour lile was about 1500°F, Considerable seutler in the data points for the K
coating was no doubl reluted to the considerable thickness variations,  On WI-52 altov,
the P eoating showed distinetly hetier pertoriance than R or O, A 3000-hour file uf
[~00° 1" was indicated, which compared to the 1 couting Life ou X -0, hut o highe o
temperature advantage (2000°F) i the short-terni 100 honr tests was obser vedd, O

arcoveratl hasis the 1P coutivg was the hest conting on cobalt -hage altoys, (Mee quolr~
feeation, poragraph 2, puge 94,)

Thickness of the aliuminide Tover appeared to e thie o st stpntticant parametey

related (o coating tde for the cobalt base ollov roatings . Composibionad dilferonees

i




Specimen No, P49

«
Test No. 36 E
Etchant: Oxalic Acid-
Electrolytic
Magnification: 750X
Local Temperature: 1740°F ‘
Composition
(wt %)
Al Co Cr Fe Si W .. Toini
1 126,40 67.0 8.0 1 1,70 | 1.50 3.5 10&‘-.1*‘*
2 126.40| 68,9 7.2 1 1,60 | 1,50 2.4y 108.0
J 3.30] 17.5 | 61.6 | 0.59 | 0.20 1, 4 97,7
4 9.90] 28,5 | 23.2 1 0.2 0.96 | 15,6 78,3
] LL70] 68.6 | 24,6 | 2,40 | 1.60 5: 164.8
6 0.65] 67,0 125,71 2,00 1.40 7.6 104.11“« |
I B e ro R e .

FIGURE 79, ELECTRON MICROPROBE ANALYSIS OF P COATING ON WI-5u ALLLY

AFTER 1580 HOURS; Series | Test (T, 1845°F)
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hetween the coatings were not found to be very great and the effects were largely over-
shadowed by coating thickness variations. There were, however, inte regting structuyral
diffeyences hetweea the coatings on X-40 and WI-52 alloys which were related to per-
lornumee,

The K10 alloy is glightly bigher in chromium and carbon than the Wi-52 alloy
and doeg not contnin MC carbide-forning elements such as colinnbium and fantalum,
The major cavhide phase in X240 jg MagCy;. During coating deposition, MyyC(; from
the matrix wos dissolved in the MAI phase and formed Cr, Al as dispersed particles,
During subsequent thermal exposures the chromium was rejected from the B MAIL layer
forming & continnous Mgy phase ot the coating/matrix interface. This interface zone
wias very stuble and iy is hypothesized that it acted as a dififusion barrier and prevented
Al diffusion into the substrate alloy und Co diffusion into the coating. However, the
camlibrium solubility of alwminum in a Co-Cr-w alloy is probably low so that the
cyuilibrium concentration gradient would be small and the diffusivity of Al would be low.

The thickness of the interface zone was related direclly to the thickness of
the coatirg. Compared to the MC carbides in WI-52, the My5Cy phase had good oxi-
dation resistance minimizing the contribution of oxidation along the interface to coating
failure in coated X-40 specimens. In general, the coalings on X-40 contained fewer
second phase particles within SMAl and were structurally more homogeneous,

The WI-52 alloy i8 more complex than X-40., Several carbide compositions
and morphologics are normally present which could become part of the coating layer,
The monocarbide (Ch, W)C was prevalent in the lower layers of the coatings on this
allov and did not go into solution after the longest test exposures, This phase formed
interdendritically in the cast alloy and during the coating process the aluminide formed
around it so that its original grain hundary location could be recognized relative to
grain boundaries in the substrate. Minor internal oxidation occurred at the substrate
alloy interlace during the coating process, The recent data of Towell (Ret. 8) showed
that the grain houndary CbC was oxidized first during clevated temperaturce exposures
of WI-52 in air, and the observed internal oxidation of as-coated WI-52 appearced to be
related to this phase, Tt was found in the present work that rapid oxidation along the
interfuce MC carbides occurred when the aluminide layer had failed, and thus con-
tributed to accelerated spalling, Very low alumirim levels were invariably found in
the substrate alloy and although a very thin layer of M2306 was tentatively identified
at the interface, ii did not appear to be continuous. Thevefore, the diffusion inward
of aluminum was probably restricted by the low solubility in . Co-Cr-W solid solution
vather than by a ditfusion barrier mechanism,

Mujor differences between the coatings on the cobalt allovs were related to
differences in the substrate alloy compositions. Variations which could be related to
the coating processes were less apparent than with the coatings on nickel -base alloys.




For instance, the evaliations did no identify any duplex coating processes or unambig-
uously estab-lish the prosence of intentionally added elemenis in {he coatings A high
aluminum level in the initinl MAL phiase was shown Lo be desivable (compare the per-
formance of Nand O coatings), as wonld ho expected. The thick interface Layers (10 1o
20 pm) noted on the T conting (X-40 alloy) and the P coating (WI-52 alloy) ns-counted
specimens (Ref. 1, Fig, 81 and 89) indicated that thesc coatings were wpplied at a
sufficiently slow vate to permit signifieant diffusion of Co outward and Cr inward, A
high-temperature process, with a moderately high aluminem activity is indicated, hut
which has a relatively low-deposition rate. Analyses on the P coating possibly indicated
silicon additions, but the superior performance of this coating was apparently due
largely 1o its thickness (Al reservoir). ‘

Because of the brittle nature of aluminide coatings on coball alloys in the
as-coared condition, it is difficult to produce coatings of thickness equivalent to those
on nickel alloys and avoid spalling problems, Following thermal exposures, the
coatings appearcd to hecome considerably more ductile, indicating that initial super-

saturation with elements from the substrate (Cr, C) may have been responsible for
the as-coated cracking ‘endency.

It would be of considerable interest to conduct coating evaluation studies on 1
one or two gelected coatings applied to several different cobalt-base alloys in order to !
more clearly define the effects of substrate composition on coating thickness (or rate '

of formation), -structure, and composition.
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CONCLUSIONS

e Thicker coatings are more readily applied to nickel~base than eobalt~
bage alloys, but tho life per 0,001 inch of eoating is not significantly
§ different between hetter coatings on the two alloy systems.,

» Protection afforded the substrate above 2000° F wag significantly longer
for couted nickel-base than cobalt-base alloys. However, the test data
. when c¢xtrapolated out to 10,000 hours showed that the better coatings on
) i X-40 (J and L) and on B1900 (F and H) are approximately equivalent, pro=
b viding protection to approximately 1750 1 50°F. Other coatings showing
long-term protection, for example P on WI-52, B and C on IN-100, and

P o T

: b G and H on B1900, indicated an extrapolated 10, 000-hour operating tem-
' perature, 100°F lower, i.e., approximately 1700° F,
1
2"3'. ¢ Diffusion of aluminum into X-40 and WI-52 cobalt-base alloys was less 1

pronounced than into IN-100 and B1960 nickel-base alloys, even though
the concentration gradient g% was greater in the cobalt-base alloys. High
concentrations of carbides and refractory metals rejected by the mono-

: aluminides appeared to act as effective diffusion barriers for the diffusion
g of aluminum.

33

» High percentage chromium, aluminide coatings on nickel-base alloys
(usually applied in two cycles), e.g., D on IN-100 and G on B1900, afforded
0 longer protection above 2000° F than coatings low in chromium, However,
: because of hardness, spalling tendency and internal oxidation. life was
less at lower temperatures compared to the beiter, low-chromium, :
aluminide coatings, e.g., C on IN=100 and F and H on 81900, ‘ Lo

* Positive identification of additives to cobalt-base alloy coatings in addition
to aluminum was not possible. The approximately 0.0005 inch thick Mp3Cq o
interface layer of the J coating on X-40 (Ref. 1, Fig. 78 and 84) indicated :

g, the possible application of chromium prior to aluminizing. But the high

chromium coatent of X-40 alloy (25.5%) and low solubility of chromium

in 8-CoAl could be responsible for this interface layer. Very slow

deposition of alumiaum at high temperature may have produced tkie

chromium-rich interface layer by rejection of chromium from the B-CoAl ..

ety




alwminide, The presence of this thick carbide layer must have contri-
buted to the retention of the 8-CoAl surface layer and the long life of the
coating at intermediate temperatures, e.g., providing a 10,000~hour
life at 1800° F.

¢ Coated X-40 spsuvimens were lass susceptible to intergranular and inter-
face oxidation than coated WI-52 specimens, With X-40, the interface and
intergranular carbides were primarily Mo3Cg which appeared to be quite
oxidation resistant. The MggCp carbides from the substrates were
initially dissolved in the B-CoAl during coating formation. Following
cyclic thermal exposures, an interface earbide layer was formed by
rejection of chromium and carbon from the CoAl. The WI-52 alloy forms
both M23Cg and ChC carbides. The latter carbide predominated and had
extremely poor oxidation resistance. It was also essentially insoluble in

th. MAI coating. The ChC carbides were oxidized during both the coating
process and testing.

o} ] v cw—

¢ Within the B8-NiAl or B-CoAl binary field the aluminum content should be
as high as possible for maximum life at a given thickness, i.e., the
aluminum reservoir should be large.

* For aluminide coatings on nickel-base alloys, coating life was directly
related to thickness up to 0.004 inch. Above this thickness, excessive

spalling could occur based on the limited test data with the D coating on
IN-100.

+4

¢ B-CoAl and 3-NiAl coatings appeared to be saturated in chromium since
during thermal exposures, chromium was rejected from the coatings until
an equilibrium level was reached.

b

® The rejection of Cr, W, C, etc. from the B-CoAl coatings upon long-term
exposure markedly decreased the sensitivity of the coating to delamination
and cracking. B-NiAl coatings, probably because of the low chromium and
carbon content of the nickel-base alloy substrates, were less sensitive to
mechanical damage, as applied.

* Sigma phase or other TCP* phases appeared at the interface of all coated
nickel-base alloys upon extended high-temperature exposure. These
phases did not appear to promote thermal fatigue cracking. The influence

_of thase phases on mechanical properties was not determined.

] N
I d

r[ {
«I N
3 "

*Topologically close-packed phases
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Additives of elements other than aluminum to coatings was observed on
fhe nickel-base alloys. Chromium and silicon were the most common.,
Chromium, as previously noted, improved performance ahove 2000° F
but not at lower temperatures. Silicon in the C and F coatings improved
the life as compared to a simple aluminide, probably by decreasing the
spalling of aluminum oxide. A titanium oxide wash-coat was probably
applied before aluminum application in the B coating. This very thin
oxide layer was retained throughout oxidation testing. Interdiffusion
with the subsirate was not notably decreased nor performance of the
coating lmproved by the presence of the oxide layer,

The presence of a high chromium content promoted equilibrium between
B-NiAl and vy instead of 3~NiAl and y' above a temperature of about
1850° F.

Two properties not covered in this volume, but reported in detail in
Volume I, are the change in surface roughness and specimen warpage as
a result of the coating process. Conclusions in these two areas are noted
below:

o Surface roughness was found to be increased slightly for five of
the six coatings on cobalt-base alloys and four of the six coatings
on nickel-base alloys (see Table VI, Ref. 1). No correlation was
found to associaie surface roughness with coating spallation or
other performance effects.

¢ Dimensional control was measured using a contoured transcriber
hefore and after coating the standard paddle specimens. None of
the 12 coating combinationg exhibited evidence of significant dis-
tortion. Of 641 paddles measured, the maximum bow after coating
was 0.005 inch (0.00012 meter) and the maximum twist was zero
degrees, 12 minutes of arc (0.0035 r).
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Local Temperature; 1705°F

Specimen No, B35

Test No, 32

Etchant: Oxalic Acid-
Electrolytic

Magnification; 750X

Composition
(wt %)

Al Co Cr Ni Si Ti Total

1 (31,50 ; 049 | 0.3¢ [ 3,60 | - | 1.80| a37.7
2 [17.50 | 15.50 | 2,70 | 70.20 { 2.2 | 6.60 | 114.7
3 |20.30 | 14.40 | 3.90 {62.40 [ 1.6 | 4.10 | 115.6
4 [14.80 | 6.00 | 1.60 | 22.50 | 2.1 | 38.80 | 85.8
5 [15.60 | 15,30 | 2.80 [68.90 | 2.2 | 6,90 | 111.7
6 | 6.50 | 6,60 |52.10 |38.50 | 1.9 | 3.10 | 108.7
7| 4.40 | 7.70 | 67.00 [ 32,90 | 2.2 | 5.20 | 99.4
8 |12.40 | 13,70 [ 13,10 |63.50 | 3.4 | 6.80 | 112.9
9 |11.70 | 16,50 | 8.10 |61.70 | 1.6 | 5.70 | 105.3
€ 10 {12.60 [17.00 | 9.20 |60.60 | 1.8 | 6.50 | 107.7

FIGURE A-1, ELECTRON MIZROPROBE ANALYSIS OF B COATING ON IN-100
ALLOY AFTER 2160 HOURS; Series 1 Tost (Tyax 1870° F)
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Specimen No, C52

Composition
(Wt %)

Al Co Cr Mo Ni St Total

22,1 0,72] 0.75 - 6,310,188 | 30,0

31.11 14,70 5.25 - 60,1] 3,90 | 115.0

17.1114.40 | 3.50| 0.18] 7.3 3,01 | 105.5

3.56125,90 | 37.50| 8,90 22,7 4,50 | 103,0
13.8 | 14,70 | 4.50 | 2.20| 65.4| 4,10 | 104,7
5.6112,60 | 18,70 | 2.20( 30,7 2,00 | 71,7

29.7[15.90 | 5.50| - |60.0f3.50 |116,0 .
6.3 13,00 | 13.20 | 13.10| 44.6 | 6.60 | 06,8 |

C i ISl |0 -

11,9 21,10 7.50] 1.60] 58.5/ 2.30 | 102.9
€ 10| 11.9]17.00| 8.40] 2.10) 61.5] 1.70 | 103.5

Tost No, 32 i
Etchant: Oxalic Acid-Electrolytic ]

J
Magnification: 750X (reduced 17

FLocal Temperature: Approx. 1870°F

FIGURE A-2, ELECTROLN MICROPROBE ANALYSIS OF C COATING ON IN-100
ALLOY AFTER 2560 HOURS; Series 1 Test (Section Through
Region of Incipient Melting)
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| Specimen No, C63

Test No, 35

Etchant: Oxalic Acid-

Electrolytic

‘ w Magnification 750X
i

Local Temperature: 17_85°F
Composition
(wt %)

Al Co | cr | Mo Ni st Total

1 {31.6] 0.20 |0.20 | - 0.80 | - 32.7
2 |15,5| 16,80 | 0,30 | - 70.90 |0.30 |103.8
3 29,9 |17.30 '0,40 | - 66.00 | - |113.6
4| 2.0 14.20 | 2.30 | 16.60 34,70 | 5.30 | 75.1
5 |15.3 | 17.70 0,50 | - 69.90 |0,10 |103.5
6 | 8.3 26,20 [3,20 | 1,60 | 56,70 |0.20 | 96.2
€7 | 8.8| 18,00 56.20 | 0.90 |63.40 | - 96.3

FIGURE A-3. ELECTRON MICROPROBE ANALYSIS OF C COATING ON IN-100

ALLOY AFTER 2000 HOURS; Series 2 Test (Tmax 1950° F)
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Specimen No, D28

Composition

(wt %)

A

Co

Cr

Fe

Ni

Si

Total

5.6

4.7

68,5

15,70

4.2

0.45

99,1

| &

4,2

4,8

71.0

14, 50

2.9

0,81

98.2

17.7

4.0

44,6

7.40

39.9

0.82

114.4

35.1

9.6

8.4

5.60

54,5

0.84

113.8

37.1

10.3

5.3

3.50

52,3

0.65

109.1

8.3

3.7

59.5

1,30

10.3

1.40

84.5

29.9

13,0

7.¢

1.70

53.6

0.81

106.6

5.3

6.3

4,1

0.90

23.3

0,53

40,7

Wl |3 |||

12,56

14,1

i1.0

1.20

57.4

1.10

97.3

€ 10

11,7

10,7

6,1

0.05

67.5

0.80

96,9

Local Temperature; 1785°F

117

Test No, 33
Etchant; Oxalic Acid-Electrolytic
Magnification: 750X

FIGURE A-4, ELECTRON MICROPROBE ANALYSIS OF D COATING ON IN-100
ALLOY AFTER 440 HOURS; Series 2 Test (Tmux 1950° F)
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Specimen No, G42

Test No, 35
Etchant; Oxalic Acid-
} T , Electrolytic
oL Jf ="' Magnification: 750X
Local Temperature; 1785°F
Composition
(wt %)
Al Co Cr Mo N Ta | Total
1] 29,7 7.6 6.1 - 66.6 - 110.0

2161 | 8.7 6.7 | 0.50| 69.4| 0.40 | 201.8
3302 | 7.7 6.4 - | e6.5] - | 110.8
4] 0.4 | 1.5 {856.6 | 5.10| 3.6 - 96.2
5| 0.4 | 1.9 |80.4 l12.60| 3.9| - 99.2
G|14,4 | 8.8 [16.8 | 0,90 67.3| 4,40 | 112.6
7]12.6 {10.1 {10.1 | 1.60] 63.2 | 3.7 | 101.3
€8] 8.7 9.9 [10.1 | 4.70| 64.6 | 4.10 102.1 |

FIGURE A-6, ELECTRON MICROPROBE ANALYSIS OF G COATING ON B1900
ALLOY AFTER 1360 HOURS; Series 2 Test (Tmay 1950°F)
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Specimen No, J44

Local Temperature; 1785°F

Test No, 33

Etchant: Oxalic Acid-
Electrolytic

Magnification: 750X

Composition
(Wt %)

Al Co Cr Ni w Total

1 |24,1| 8.1]| 16,9 2.6 1.8 53,5
2 130.5| 51,5) 7.1]|15.5]| 1.6 |106.6
3 | 2.4} 12,7] 7.9} 1,112~ .00.0
4 | 4,0 61,4 21,2 8.8 | 6.1 |101.5
5 | 2.7| 139|776 | 1.7 4,2 | 100,1
6 | 6,1 58,6 | 25.1 | 11,6 | 2.2 | 102.6
7110|174 70,6 | 2.4 14.4 | 106.8
€8 | 1.2]|61.4] 248 |11.2] 6.7 | 105.3

FIGURE A-6, ELECTRON MICROPROBE ANALYSIS OF J COATING ON X-40 ALLOY
AFTER 994 HOURS; Serios 2 Test (Tmax 1950° F)
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Specimen No, K26

Test No, 35

Etchant: Oxalic Acid-
Electrolytic

Magnification: 750X

Local Temperature; 1785°F

Composition
(wt %)

Al | color | M | W [Total
7.00 | 65.1 [12.5 | 10.6 | 4.9 | 90.1
26,80 | 46.8 | 4.3 [ 21.7 | 1.5 |100.1
7.10 | 66,9 [14.4 | 10.4 | 4.9 | 93.7

2,60 |41.1 |24.5 | 5.7 |12.2 | s6.1

1.70 | 29.8 {56.8 | 4.7 |12.4 [105.4
4,10 | 58,0 |17.4 | 10.9 | 5.9 | 96.3
1.06 | 16.6 |64.4 | 2.2 [13.9 [107.6
1,06 | 59.3 | 18,9 | 11.1 | 6.5 | 96.9

@ IFIJOO || W] -

Q@

FIGURE A-7, ELECTRON MICROPROBE ANALYSIS OF K COATING ON X-40 ALLOY
AFTER 170 HOURS; Series 2 Test (Tjax 1050° F)
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Specimen No, 1.48

[ .Oz
"'.‘O‘,s"
Test No, 36
Etchant; Oxalic Acid-
Electrolytic
Ok Magnification: 750X
Local Temperature; 1740°F
Composition
(wt %)
Al Co Cr Ni Si W..| Total
1]15.80 | 58.0 | 6.4 14,5| 2,10 | 3.3 | 100.1
2 121,19 57,9 8.9 13.1]1.03]| 2.4 | 104.5
3| 4.04 21,7729 2.5 0,60 13.1 | 114.8
41 087 22,0(46.2| 9.2|0.61] 13.6 | 92.5
5| 0.40 1 17,7 | 63.8 | 1.9 ] 0.46 | 7.4 | o1.7
© 6| 0.26 567225 12.10.62| 7.8 100.0

FIGURE A-8, ELECTRON MICROPROBE ANALYSIS OF I, COATING ON X-40 ALLOY
AFTER 1480 HOURS; Series 1 Test (Tpnax 1845° F)
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Specimen No, N42 ;
’k . - ‘ <& 9
et , : ";‘f‘o 2- t
o, Y R L 0 '
::_::*'.‘ LI " . o, ' e 3” "Ii'l }
SN T & 4L T
::".‘”.“ l.". ..,1\-3' k '@‘ N ] .’.k—
’T L3 ! N ' ‘ ! ” . ‘
r' . .
o L
i O ] _
A . TestNo, 36 B
) IR e
T Etchant: Oxalic Acid- -
e Electrolytic
* ':’:v . /’ "
I AL Magnification: 750X ’
Local Temperature: 1740°F s
Composition =
(wt %) '
Al Co | Cr | Fe | si W | Total .
1(29.60 3.5 9.3|1,0|1.60| 1.4 | 79.4
2 |26.00 | 66,7 | 8.120]210]| 2.1 |107.0 1
3] 9,80 353 [ 27,0 1.4 ! 0.75]| 16.8 | 91.0
4| 2.20|59.7 [ 26,0 3.2 1.90 | 11.5 | 104.5 -3
56| 0.23 [ 66.0 |27.6 | 2.3 | 1.20 | 12.4 | 109.7
6| 0,16 | 40.2 [ 32,6 | 1.7 | 0.90 | 31.7 | 107.3
€ 7| 0.04 66,0 [27.2]2.4 1.5 12,0 | 109.1
FIGURE A-9, ELECTRON MICROPROBE ANALYSIS OF N COATING ON WI-52 ALLOY
AFTER 100 HOURS; Series 1 Test (Tpyax 1845° F) _
¢
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Specimen No, 045

' Gy ™ 3 - . R, 3
R T
I g E
.‘.“ . ";‘: ’Q :' een PV 8 ' )
- ® - 0 - 0:9‘
| Test No, 33
. Os Etchant: Oxalic Acid-
' O 6 Electrolytic
- Magnification: 750X
. X
Local Temperature: 1785°F
Composition
(wt %)
Al Co Cr Fe \" Total
1 6.40 [69.9 | 17.3 [ 3.3 4,9 |101,8
2 130.30 |66.6 7.8 12,9 4.2 | 111.8
3 6.20 | 66,7 | 18,3 | 3,1 5.7 | 100.0
4 4,20 |67.4 | 19.4 | 3.4 |10.4 | 104.8
5 1.00 | 70,0 | 20,7 | 3.5 7.6 |102,8
6 0,92 135.2 | 12,0 (1,7 }|13.5 63.3
7 0.78 58,6 | 19,0 (2,7 {10.3 91.4

FIGURE A-10. ELECTRON MICROPROBE ANALYSIS OF O COATING ON WI-52 ALLOY
AFTER 520 HOURS; Series 2 Test (Typax 1950° F)




Specimen No, P29

Local Temperature; 1785°F

Test No. 33

Etchant; Oxalic Acid-
Electrolytic

Magnification: 750X

Composition
(wt %)

Al Co Cr Fe | Si Total
133,00/ 70.0 |10.4 |1.6| 2.8 |117.8
2 |33.10|69.8 [10.9 1.6 2.7 |115.1
3| 2,90 | 23.8 [60.3 [0.4( 1.0 | 85.4
4|27.10|57.3 {11,5 | 1.5 | 2.5 | 99.9
5| 2.20 | 69.0 |25.9 {2.1] 3.0 |102.2
6| 1.50 [ 72.6 | 24.8 {2.3 | 3.0 |104.2
7] 1.70 | 46,1 [18.8 |1.1]| 3.5 | 71.2

€8 0.73( 3.0 |[25.6 |2.1] 2.6 | 104.0

FIGURE A-11, ELECTRON MICROPROBE ANALYSIS OF P COATING ON WI-52 ALLOY
AFTER 694 HOURS; Series 2 Test (Tmux 1950° F)
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WEIGHT CHANGE DURING OXIDATION-EROSION TEST

TEST NUMBER 32, RIG NUMBER 2
1870° F MAXIMUM TEMPERATURE ALONG THE TRAILING EDGE

E?lﬁ:re Cumulative Weight Change (mg)
(Hours) Specimen Number ‘
F3 B35 | C82 | H49 | F34 | B46 | Cs53 H54
20 +1.0 +2.8] +8.5 +9.0] +1.1 | +2.2 +0.4 | +6.2
40 +1.8 | +3.4] +3.8| +#10.9] +1.5 | +2.56 | +0.3 | +7.3
60 +2.6 | +3.9] +4.3| +11.8| +2.0 | +3.1 | +0.5 | +8.2
80 +3.2 | +4.3| +4.9] +12.6| +2.5 | +3.4 | +0.9 | +8.4
100 +3.4 | +4.3| +4.9 | +13.2| +2.5 | +3.7 | +0.9 | +9.2
120 +4.1 | +4.7| +5.1 | +13.7| +2.6 | +3.7 | +0.5 | +9.3
140 +4.6 | +5.0] +5.9 | +14.3| +3.3 | +4.1 | +0.7 | +9.6 :
160 +4.8 | +5.4| +5.4 | +14.6| +3.2 | +4.4 | +0.8 |+10.1 | .
180 +6.0 | +6.5| +5.5 | +14.9| +3.1 | +4.8 | +0.5 }+10.1 o
200 "+46.1 | +6.3| +6.5| +15.9| +3.9 | +5.2 | +1.9 [+10.8
220 +6.0 | +6.4| +6.7 | +16.4| +4.1 | +56.0 | +1.5 l+11.5 -
240 +6.2 | +5.8| +5.5 | +15.3| +3.2 | +4.9 | +0.4 }+10.8 :
260 +6.7 | +6.1| +6.0 | +15.5{ +3.8 | +5.1 | 10.8 [+10.7 )
280 +6.3 | +6.3| +6.1| +16.0| +4.1 | +6.2 | +1.2 }11.0 -
300 +6.9 | +6.2| +6.4 | +16.0| +4.3 | +5.4 | +1.1 [+11.0 T
320 +6.9 | +5.8] +6.4 | +16.8| +3.6 | +5.0 | +0.3 [+11.0
340 +7.8 | +6.8| +5.8 | +16.3| +4.0 | +5.5 | +0.3 l+11.4 .o
360 +7.7( +6.1| +5.2 | +16.2| +3.6 | +6.1 | +0.1 l+11.3
380 +7.6 | +5.9| +4.5| +15.8| +3.3 | +4.6 | -0.5 [+11.1
400 +7.6 | +6.7| +4.7| +15.7|-12.9 | #6.1 | -0.1 [+11.1 “?
420 +8.5 | +5.9| +4.8 | +16.0| +3.2 | +4.6 | -0.6 [+10.8
440 +9.2 | +6.0| +4.8 | +16.5| +3.3 | +6.0 | -0.5 [+11.0 .
460 +9.7 | +6.3| +4.8 | +16.7| +3.5 | +6.1 | -0.4 |+11.2 i
480 +9.5 | +7.9| +4.7| +16.7]| +3.6 | +6.1 | -0.6 [+11.0 .
500 +10.4 | +9.0| +5.0 | +17.3] +4.3 | +6.1 | +0.4 |+11.2
520 +10.1 | +8.0| +4.8 | +16.2]| +3.5 | +5.¢ | -0.2 | +9.6 _,2 ’
640 +10.6 +8.0| +4.8 | +16.2]| +3.6 | +4.9 0.0 | +9.4
560 +11.0 | +8.1| +4.6| +16.1| +3.86 | +6.¢ | -0.2 | +8.4 o
580 +10.4 | +7.6] +4.0 | +15.7| +3.4 | +4.6 | -0.9 | +9.2 A
600 +10.4 | +7.9] +4.0 | +16.2] +3.4 | +5.0 | -0.7 | +9.2 '
i

126




-—r

WEIGEHT CHANGE DURING OXIDATION-EROSION TEST

TEST NUMBER 32, RIG NUMBER 2
1870° F MAXIMUM TEMPERATURE ALONG THE TRAILING EDGE

Exposure
Time Cumulative Weight Change (ug)
(Hours) Specimen Number

F3 B35 | Cs2 H49 | F34 | B46 | Cc53 | Hs54
620 +10.7| +7.6 | +3.6[+15.9 | +3.3] +5.0 | -0.7 | +9.2
640 +11.4| +7.6 | +3.4|+15.6 | +3.0| +4.6 | -1.2 | +9.1
660 +11.6| +7.5 +3.1 | +15.7 | +2.9| +4.2 | -1.4 +8.8
680 +12.4| +8.7 | +3.6|+15.9 | +3.7| +5.9| -0.5 | +8.3
700 +11.5| +8.0 | +2.4|+14.8 | +2.2| +4.0 ] -1.8 | +7.2
720 | 411.3| +7.0 | +2.4|+14.56 | +2.4] +3.7| -2.1 | +6.0
740 +12.9| +7.5 | +3.31+16.2 | +2.8] +4.7] -0.9 | +6.3
760 +12.2 | 47.0 | +2,7|+14.5 | +2.4| +4.1| -1.4 | +5.9
780 +13.6 | +7.0 | +2.5|+14.7 | +2.6] +3.9| -1.4 | +6.2
800 +12.4| +6.6 | +1.8]+14.3 | +2.5| +3.6 | -1.9 | 6.6
820 +12.6| +5.8 | +0.8|+18.2 | +1.8] +2.8 | -3.0 | +4.7
840 +37.4| +6.6 | +1.4|+14,2 { +2.5| +3.8 | -1.7 | +5.2
860 +14,6| +6.4 | +1.7|+14.56 | +2.9] +4.1 ] -1.9 | +5.8
880 +14,6| +6.1 | +0.8{+13.8 | +2.2| +3.3 ] -2.3 | +4.9
900 +14.4| +4.4 | +0.8|+12.2 | +2.3| +2.0} -2.5 | +3.0
920 +14.6] -0.1 -0.6 |+11.2 | +1.6] -1.71} -3.1 41.8
940 +14.4| -1.7 | -1.6(+10.4 | +0.2{ -3.1] -83.8 | +1.8
960 +14.81 -1.83 | -1.1[+11.2 | +1.3| -2.1] -3.2 | +2.0
980 +15.4] -1.1 | -1.8{+10.7 | +1.3| -2.4} -3.3 | +2.1
1000 +16.4| -1.6 | -1.7|+11.4 | +1.7| -2.3| -3.5 | +2.0
1020 +14.6] -1.9 | -~2.21410.4 | +0.8] -2.7] -3.9 | 41.8 N
1040 +14.6| ~L.7 | ~L7l+11.1 | a1.2] -2.71 -3.8 | +1.5 I
1060 +13.6( -2.7 | -2.6{+10.7 | +1.3| -3.2 | -4.6 | +1.2 j
1080 +14.2| -2.1 | -3.01410.6 | +1.0| -3.3| 4.6 | 41.2 ‘ t
1100 +15.11 -1.6 ( -2.81411.0 | +0.9| -2.8 | -4.2 | +0.2
1120 +14.91 -1.9 | -3.5(+10.3 | +0.7| -2.6 | -4.6 | -0.3
1140 +14.81 -1.8 | -2.9(+10.3 | +1.2| -2.6 | -4.7 | -0.1
1160 +14.1] -2.4 | -4.1| +8.8 | +0.6| -3.1 ] -6.4 | -0.7 ‘
1180 +14.9| -3.3 | -4.9| +9.6 | +0.0! -4.1 | -6.0 | -1.1
1200 +16.41 -2.2 | -4.4|+10.3 | +0.8{ -3.1| -6.4 | -1.3

{ /
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WEIGHT CHANGE DURING OXIDATION-EROSION TEST

TEST NUMBER 32, RIG NUMBER 2
1870° F MAXIMUM TEMPERATURE ALONG THE TRAILING EDGE

Exposure Cumulative Weight Change (mg)
Time Specimen Number
(Hours) F3 | B35 | cs2 | Hao | F34 | Ba6 | c53 | msa
1220 +16.4 | -2.9 | -5.2| +8.7 | +0.6 | -3.2 | -5.7 | -1.7
1240 +21.4 | -0.7 -3.4(+11.9 | +2.4 | -1.7 | -4.1 | -0.4
1260 +17.7 | -1.8 -4.4[+11.9 | +1.6 | -1.8 | 4.3 | -0.4
1280 +17.8 | -2.2 -4.4(+11.9 | +2.0 -1.7| -4.5 | -0.9
1300 +17.7 | -2.9 | -5.4[+11.3 | +1.3 -2.9 | -6.5 | -1.4
1320 +17.9 | -2.7 | -5.7|+11.1 | +1.3 -2.7 | -5.8 | -1.3
1340 +17.9 | -2.4 | -6.4]+11.4 | +0.8 -3.1| -6,9 | -1.8
1360 +18.7 | -3.2 -6.4 |+11.0 | +1.1 ~3.1 | -6.7 | -1.7
1380 +18.8 | -3.8 -7.0 |+10.4 | +0.5 | -5.1 | -7.5 | -2.2
1400 +20.7 | -2.8 -5.7|+11.6 | +1.7-| -2.5 | -6.2 | -1.2
1420 +20.3 | -3.8 -7.4+10.3 | +0.7 | -3.8 | +7.9 | -2.5
1440 +20.7 | -3.4 -7.1(+11.0 | +0.8 -3.2 | »7.5 | -2.2
1460 +21.4 | -3.7 -7.0 |+11.1 | +1.3 -2.8 | ~7.1 | -1.7
1480 +21.2 | -8.7 | -7.3|+11.6 | +1.6 | -2.9 | 7.1 | -1.8
1505 +22.8 | -3.4 -6.4 |+11.6 | +1.8 -2.7 | ~7.0 | -1.4
1520 +22.0 | -3.7 | -7.0|+11.4 | +1.4 | -2.9| «7.4 ]| -1.9
1540 +21.1 | -4.2 -7.4 |+11.2 | +1.3 -3.2 | +7.7 | -2.5
1560 +21.7 | -4.1 -7.1|+11.6 | +1.6 | -2.9| 7.3 | -2.4
1580 (1) -4.0 | -6.81+410.8 | +1.4 | -3.5 |-8.3 ! -3.3
1600 -4.6 | -7.2 |+11.1 | +2.0 3.3 | -7.7| -3.1
1620 -5.3 -7.9 [+10.4 | +1.6 | ~4.2 | -8.3 | -3.6
1640 -4.4 -7.2 |+11.1 | +2.4 | -3.8 | -8.1 | -3.1
1660 -5.3 -7.9 [+10.4 | +1.8 | -4.7 | -8.7 | -3.7
1680 -6.5 | -8.1[+10.0 | +2.0 -4.6 | -8.7| -3.6
1700 -6.6 | -9.0} +9.2 | +1.1 | -5.9 | -9.9 | -4.8
1720 -7.2 | -9.6 | +9.5 | +1.0 6.2 |-10.3 | 5.6
1740 -5.9 | -8.1 | +9.9 | +2.6 | -4.8 | -9.0| -4.8
1760 -4.0 | -6.0 |+12.2 +5.1 -2.8 | -7.1] -2.1
1780 -2.7 | -5.3 [+12.0 +6.0 | -2.4 | -5.8 | -1.9
Note (1): Data not accurate; piece of thermocouple broke off inside specimen.
} | | 1 | } 1 _f ]
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WEIGHT CHANGE DURING OXIDATION-EROSION TEST

TEST NUMBER 32, RIG NUMBER 2
1870° F MAXIMUM TEMPERATURE ALONG THE TRAILING EDGE

Exposure 8 Cumulative Weight Change (mg)
Tima Specimen Numbor
(Hours) F3 nas cse He9 34 . B4B c83 H84
1800 - -3.4 -4,8 +12.4 +7.2 -1.8 5,3 -1.8
1820 - -3.8 -8.9 +31,9 +7.9 -4,1 -7.8 -1.8
1840 - -4,7 -5.7 +11,4 +7.8 -4,4 -7.8 -2.8
1860 - -6.0 -6,8 +10.8 +6.8 -4.8 -1.7 -3.9
1880 - -7.2 -7.9 +9,1 +5.1 -8,9 -8.1 -4.8
1900 - -7,8 -8.3 +8,8 +5,4 -6.3 -9.4 -4.8
1920 - -9, 8 -11,1 +7.7 +4,0 -8,0 -11.1 -8.8
1940 - -8,0 -7.0 +10,9 +8.4 -3,7 -7.2 -3.8
1860 - -8.4 -9.4 +8.3 +7.0 -6,7 -8,9 -8.4
1980 - -11,9 -11.3 +7.1 +8.9 -8,0 -11.4 -8.0
2000 - -13.9 -13.5 +8.8 +4.9 -10,7 -13.1 -9.0
2020 - -18,7 -14,9 +4.8 +4.0 -12.8 -14.8 -10.8
2040 - -16,2 -14.5 +4.9 +5,1 -12,3 -14.6 -10.0
2060 - -16.6 -14.4 +5.0 +5.8 -12.7 -14.8 -10.9
2080 - -18,0 -15.0 +4.4 +6.4 -14,0 -16.6 -11,7
2100 - -16,2 -12,8 +7.3 +8.3 ~11.8 -13.2 -8.9
2120 - -20.5 -15.8 +4.1 +5.8 -18.2 -16.5 -11.8
2140 - -20,7 -14.4 +5,2 +6.9 -14,8 ~18.7 -11,2 .
2160 - -23.8 -18,1 +4.0 +6.2 -16.8 -18.8 -12.4 ) 1
B36 and B46¢ Removed from test - Replaced with D2 and D52
F3 D2 Cs2 H49 F34 D52 Cs3 H64
2180 - - -14,9 +4.4 +6,2 - -16.4 -12.4
20 - +04,3 - - - +3.8 - -
2200 - - -18.8 +4.3 +5,6 - -17.8 -13.1
40 - +5.4 . - - +1.8 - - ‘
2220 - 14,7 +4.6 | +6.8 - -16.8 -11.9
(1] - +6.6 - - - +2,8 - -
2240 - - -14,2 +4.8 +7.8 - -16.4 -11.8
80 . +7.9 - - - +3,2. - -
2260 - -14,4 +4.7 +7.3 - -16.7 ~12.4
100 - +7,0 . - - +32,6 - -
2280 . - -13,8 +4.8 +8.4 - -16.0 -11.4
120 - +9.4 . - - 4.4 - -
2300 . - -14,1 +8.8 +8.1 - ~16.6 -11,8 “
140 - +10.6 - - - +6.0 - - ‘
2320 - - -14.4- +8,7 +6.8 - -16.8 -11.4 '
160 - +12.9 - - - +8.8 - - {
2340 - - -14.8 +8,7 +8,6 - -18.7 . -11.7
180 - +13.8 - - - +17.1 - -
2360 - - -10.9 4.2 +8.0 - -10.6 -13.1
200 - +13.7 - - - +7.1 - -
2380 - - -16.9 +4.1 +8.0 - -19.0 -13.4 X
220 - +13.7 - - - +8.3 -~ -




1870° F MAXIMUM TEMPFRATURE ALONG THE TRAILING EDGE

WEICLT CHANGE DURING OXIDATION-EROSION TEST

TEST NUMBER 32, RIG NUMBER 2

Cumulative Weight Change (mg)

Exposure
Time Specimen Number
(ours) F3 | p2 | co2 | mao | F34 } pDs2 | cs3 | mse

2400 -16.6 | +4.8 | +5.6 -18.3 | -12.3
240 +9.2 49,3

2420 -15.8 | +6:1 | +6.8 -18.0 | -12.6
260 +8.4 +11.8

2440 -16.5 | +4.9 | +6.0 -18.2 | -12.9
280 +9.0 | | +10.8

2460 -18.1| +4.2 | +6.6 -20.1 | -11.4
300 +8.8 +11.1

2480 -16.2 | +6.1 | +7.7 -19.4 | -11.8
320 +12,0 +13.5

2600 -16.6 | +4.5 | +7.2 -19.8 | -12.3
340 +12.0.] +13.5 '

2520 ‘1707 +504 +701 -20.1 -12-8
360 +13.9 | +14.4

2540 -18.5| +4.6| +6.56 | . | -20.7 | -13.6
380 +15.5 | +13.7

2660 -19.5 | +3.7 | +5.7 -21.8 | -14.6
400 +14.8 +13.1 o

C62 and C53 removed from test. Replaced with J40 and J4i.
F3 D2 J40 H49 F34 | D52 J41 H54
2580 +5.0 | +7.1 | -13.4
420 +16.3 +14.4
20 +9.8 ‘ +10.3

2600 +6.7 | +8.9 -11.8

440 +18.4 +16.0
40 +13.2 +13.9
130
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WEIGHT CHANGE DURING OXIDATION-EROSION TEST

TEST NUMBER 22, RIG NUMBER 2
1870° F MAXIMUM TEMPERATURE ALONG THE TRAILING EDGE

Cumulative Weight Change (mg)

Exposure Specimen Number ;
Tiine

(Hours) F3 D2 J40 H49 F34 D52 J41 H54

2620 +4o7 +7'1 -1307
460 +17.0 +14.3
60 +12.9 ‘ +14.7

2640 +6.7 | +9.5 -14.0
480 +1802 ' +1504 ’
80 414.3 +16.2

2660 : +307 +606 . -1507
500 +16.2 +11.5
100 +14.0 +16.7

2680 +3.7 | +6.2 -16.5
520 +14.1 +6.8
120 +14.9 , +16.3

540 +11.6 +0.9

140 +14.8 +16.3

2720 +3.4 +5.1 -18.2
560 +9.6 -13.8
160 +16.8 : +16.8

2740 +3.6 | +5.5 | -18.2 !
580 -3.8 -21.9 |
180 | +16.1 | +16.8

2760 +0.9 +2.8 ' -21.0
600 ‘59-0 '33.5
200 +13.3 +13.8

D2 and D52 removed from test. Replaced with L36 and L40,




WEIGHT CHANGE DURING OXIDATION-EROSION TEST

TEST NUMBER 32, RIG NUMBER 2 ;
1870° F MAXIMUM TEMPERATURE ALONG THE TRAILING EDGE o

Exposure Cumulative Weight Change (mg)

Time
(Hours)

Specimen Numiber
¥3 136 me H49 F34 L40 J41 Hb54

2780 +2,0 +3.8 -20.2
220 +15.0.. +15.2
20 +6.4 +6.8

2800 .7 +3.6 -20.3
240 +14.6 +14.5
40 +802' - +804

2820 2.9 +4,.8 -18.8
260 +15.8 +16.1
60 +11.6 +10.8

2840 +2.3 +4.2 -19.8
280 +16.5 ) +156.4
80 +10.6 +11.0 ‘

2860 +1.7 +2.1 -19.9
300 +14,7 +14.3
100 +10.4 +10.7

2880 ""1.0 -0.1 ‘2102
320 +14.1 +13.7 '
120 +10.4 +10.6 |-

2900 +1 . a » '1 . 4 ' "'2““0 9
340 +14.5 : +14.1
140 141100 » +11.1

2920 +1c5 ‘105 ) . -2101
360 +14.6 +14.2
160 +10.0 +11.5

2040 +1.8 -1.1 | -20.3
380 +16.1 +14.5
180 +12.0 +12.0

=

Y |
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WEIGHT CHANGE DURING OXIDATION-EROSION TEST

TEST NUMBER 32, RIG NUMBER 2
1870° F MAXIMUM TEMPERATURE ALONG THE TRAILING EDGE

Exposure Cumulative Weight Change (mg)
Time Specimen Number

hours) | p3 | L3 J90 | H49 | F3¢ | 140 | a1 HE4 ,

2960 1.9 | -1.4 -20.8
400 +15.1 +14.2
200 +11.9 +12,3

2980 +2.,4 -0.9 -19.8
420 +15.6 » : +14.6
220 o +12.5 +13.0 ‘

3000 +1.6 -1.8 -20.4 ‘ ]
440 +14.8 +13.5 )
240 +11.4 i +12.4 B 1

3020 +2.2 -1.7 -19.4
460 +15.8 +14.1
260 +11.6 +12.8

3040 +1.9 | -2.2 -19.9
480 +1502 ' ’ +1305 N L
280 +11.3 » : +12.1 ‘ »

Test terminated. Specimens badly oxidized during température- 7 ,.1
1 controller malfunction.‘ J
' ;
{
i
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WEIGHT CHANGE DURING OXIDATION-EROSION TEST

TEST NUMBER 35, RIG NUMBER 1
1950° F MAXIMUM TEMPERATURE ALONG THE TRAILING EDGE

' Exposure Cumulative Weight Change (mg)
(1;12111’11':) Specimen Numbeor ]
l H3 | B40 C56 | F29 | Hs9 | B49 | C63 | F3e
20 +9.2 | +1.0 | +0.0 | +0.6 | +9.6 | -0.1 [ +0.5 | -1.6
. l 40 +11.0 | +1.8 | +0.8 |+1.2 | +11.7 | +1.5 | +1.3 | -1.2
. 60 +11.0 | +2.0 | +1.2 [ +1.8 | +12.4 | +1.4 | +1.4 | -1.2
80 +12.4 | +2.9 | +1.9 [ +2.2 | +14.1 +2.8 | +2.7 -0.2
l 100 +13.2 | +2.1 | +1.0 | +1.2 | +13.3 | +1.4 | +2.5 | -1.1
v 120 +13.6 | +2.9 | +1.8 | +1.9 | +14.6 | +2.6 [ +3.1 | -1.4
N 140 +15.5 | +3.7 | +2.7 | +2.4 | +17.2 | +3.4 | +3.8 | +0.2
: I 160 +17.5 | +4.5 +2.4 | +2.4 | +18.4 +3,7 | 43.9 | +0.6 {
180 +17.4 { +3.9 | +2.0 | +2.0 | +18.4 | +3.4 | +3.2 . +0.3
200 +19.0 | +6.2 | +3.8 | +6.6 | +20,7 | +5.5 | +6.4 | +2.3
I 220 +20.2 | +5.0 | +2.3 [ +2.5 | +22.7 | +4.2 | +4.4 | +0.8
240 +21.1 | +5.0 | +2.5 | +2.2 | +25.2 | +3.8 | +4.3 | +0.6
l 260 +21.3 | +4.5 | +1.3 | +1.2 | +24.7 | +3.4 | +3.6 | +0.0
280 +22.5 | +6.1 | +3.3 | +2.9 | +26.2 | +5.7 | +4.9 | +1.3
300 4+22.0 | +5.1 +2.1 | +2.83 | +25.6 +4,9 | +4.9 +0.8
} 320 +21.6 | +4.2 | +0.8 | +1.9 | +25.2 | +4.2 | +4.0 | +0.2
34¢ +22.0 | +4.8 | +1.0 | +2.1 | +25.8 | +3.4 | +4.2 | +0.3
360 +23.4 | +6.1 | +0.6 | +2.1 | +25 5 | +4.6 | +4.2 | +1.6
i 380 +25.3 | +6.3 | +1.8 | +3.4 | +26.8 | +5.5 | +5.3 | +2.4
400 +24.4 | 45,5 | +1.1 | +2.8 | +26.5 | +5.0 | +5.2 | +1.1
420 +24.3 | +5.7 | +0.9 [ +2.7 | +26.2 | +4.6 | +4.6 | +0.9
l 440 +23.9 | +5.0 | +0.3 | +2.1 | +25.5 | +4.0 | +3.9 | +0.4
460 +24.2 | +5.3 | +0.6 | +2.6 | +26.1 | +4.3 | +4.6 | +1.5
480 +24.7 | +5.6 | +0.9 | +2.8 | +26.1 | +4.1| +4.3 | +1.1
! 500 +23.1 | 44,0 | +1.0 | +1.2 | +24.5 | +2.6| +2.2 | +0.3
520 +24.9 | +5.1 | +0.2 | +2.3 | +25.2 | +3.5| +3.2 | +1.0
,5 540 +24.3 | +6.0 | +1.8 [ +3.0 | +25.6 | +4.0| +4.4 | +2.0
' 560 +23.6 | +5.6 | +1.8 | +3.0 | +24.4 | +3.5]| +5.3 | +1.5
580 +22.6 | +4.4 | +0.8 | +2.4 | +23.3 | +2.0 | +4.0 | +0.6




WEIGHT CHANGE DURING OXIDATION-EROSION TEST

TEST NUMBER 35, RIG NUMBER 1
1950° F MAXIMUM TEMPERATURE ALONG THE TRAILING EDGE

Exposure Cumulative Weight Change (mg)
Time
(Hours) Specimen Number

H3 B4G C56 F29 H59 B49 C63 F36
600 +23.4 +4.1 | +0.38 +2.1 +22.7 +1.6 +3.4 +0.4
620 +23.7 +4.7 | 0.7 +2.6 +23.1 +2.1 +3.8 +1.1
640 +21.2 +4.1 | -0.2 +1.9 +22.0 +1.4 +2.9 -0.2
660 +21.0 | +3.8 | -1.0 +1.5 | +21.4 | +0.6 | +2.0 ~0.5
680 +20.6 | +3.8 | -1.7 +1.1 | +21.2 | +0.2 | +1.2 -0.8
700 +20.9 | +3.6 | -1.7 +1.4 | +21.3 | +0.2 | +1.4 -1.1
720 +21.1 | +3.5 | -2.1 +1.2 | +21.0 | +0.2 | +0.9 -0.9
740 +20.7 | +3.1 | -2.8 +.8 +20.2 -0.6 =0.2 -0.9
760 +20.5 | +3.0 | -2.9 +0.9 +19.9 -0.7 -0.2 -1.2
780 +21.1 | +3.7 | -2.2 +1.9 +20.8 +H).4 +0.8 ~-0.1
800 +21.8 | +3.8 | -2.7 +1.5 +19.5 -0.7 -1.2 -1.56
820 +18.4 | +2.3 | -4.0 +0.7 | +17.8 | -1.7 | -1.5 -1.8
840 +17.7 | +1.9 | -4.6 | +0.5 | +17.3 | -2.1 | -1.6 -1.7
860 +17.9 | +1.8 | -4.9 +0.1 +16.5 -2.4 -2.4 -2.2
880 +17.0 | +1.0 | -5.7 ~1.0 | +15.5 -3.1 -3.5 -3.0
900 +16.7 | +1.1 | -6.2 -1.2 +14.6 -3.7 -4.1 -3.8
920 +19.8 | +2,2 | ~5.2 +0.2 +15.9 -2.1 -2.8 -2.2

Specimens C56, F29, H59, B49 damaged in test. Replé.ced with specimens
K25, K35, N30 and N32.

940

960

980
1000
1020
1040
1060
1080
1100
1120
1140

+18.7
+19.0
+74,6
+16.€
+14.2
+9.1
+5.9
+4.4
+3.5
+3.0
+1.6

-0.2
-0.8
-1.4
-1.6
-1.7
~2.7
-5.0
-4.3
-4.8
-3.3
-4.7

——- mmm | -e- |+44.0()
-—- --= | --- |+28.6
--- = | == |411.4
——- - | --- [+10.5
——- —m= | === | +1.0
--- = | -== ] -1.9
--- - | --- | -5.0

- cem | === | -5.2

- —e= | --- | -6.5

--- e !

--- A

-0.8
-4.3
-5.2
-6.6
-7.5
-9.2

-10.8

~10.2

-11.3

-10.8

-11.4

Notes: (1) Weight gain due to metal deposited on surface of blade when adjacent

specimen failed at 921 hours.
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WEIGHT CHANGE DURING OXIDATION-EROSION TEST

TEST NUMBER 35, RIG NUMBER 1
1950° F MAXIMUM TEMPERATURE ALONG THE TRAILING EDGE

Exposure Cumulative Weight Change (mg)
' (H'ﬁli:::) Specimen Number
H3 B40 Cb56 F29 H59 B49 C63 F36

1160 +1.3 -6.8 ——— —- ——— -——- -9.1 | -12.5
1180 +2.1 ~5.7 —— -—— -— - -7.6 | -11.2
1200 +1.5 -6.2 —— ——— — -— -8.4 | -11.9
1220 +0.6 -6.3 -—- ——— —— -—— ~7.2 | -11.2
1240 0.0 -8.1 —-— ——— —— —— ~-8.6 | -12.3
1260 +0l1 -8o9' - hndadad - - -707 -1109
1280 0.9 | =72 f -e= | --- --- --- | -7.5 | -11.0
1300 +2.8 -9.8 | --- ——— -—— ——— -7.6 | -11.0
1320 +103 "11.7 ‘-; - - - s "9.2 -1217
1340 10.8 |=16.0 | o= | =-- ——- --—- | -10.2 |-13.5 {

\
\@1
187 /"




WEIGHT CHANGE DURING OXIDATION-EROSION TEST

TEST NUMBER 35, RIG NUMBER 1 -4
1950° F MAXIMUM TEMPERATURE ALONG THE TRAILING EDGE g

Exposure Cumulative Weight Change (mg) ‘;
Time Specimen Number ‘
Hours) | g B40 | ce3 F36 G317 Ga2 | Ga8 | G54 I
1360 -0.7 -18.0 -11.5 -15.3

720 +9.5 +17.3
320 +8.0 | +18.1 I
1380 -0.1 -18.3 -8.9 -12.7
740 | +10.2 | +19.9 i
340 +9.5 +22.1 '
1400 -0.2 -23.6 -10.6 -14.1 ‘
760 +8.2 +18.8 ,
360 +7.0 | +21.4 :
Specimen B40 removed from test. Replaced with D34. ] 1
H3 D34 C63 F36 G37 G42 G48 G54
1420 -0.4 -11.2 | -15.0 'f
780 +6.6 | +18.6
380 +5.5 +21.6
20 +0.2 | I
1440 10.0 ~11.0 -14.0
800 +5.4 | +19.5 I
400 4.1 +23.5
40 -2.1
1460 "'0.1 "1009 "1308 ' T
820 +4,2 +21.1
420 +3.9 +24.8 ]
60 -0 . 5 J
1480 =0.5 -10.9 -14.1 s
840 +0.3 | +20.1 l
440 +2.3 | +25.0
80 "0 08 ' !
138 '




WEIGHT CHANGE DURING OXIDATION-EROSION TEST

TEST NUMBER 35, RIG NUMBER 1

1950° F MAXIMUM TEMPERATURE ALONG THE TRAILING EDGE

Exposure
Time

(Hours)

Cumulative Weight Change (mg)

Specimen Number

H3

Ce3 F36 G317 G42

1500
860
460
100

-7.0

G48

R —

G54

-12.7 -15.9

+20.4

+0.5

+24.5

1520
880
480
120

“1005 ‘1208

+23.9

+2.3

+1.3

+25.8

1540
900
500
140

-11.1
+25.4

+8.0

+24.6

1560
920
520
160

+28.4

+10.4

1580
940
540
180

+1.8

+26.0

-12.8 | +27.9

+10. 3

43.3

+20.0

1600
960
560
200

-16.56 | +28.7

+10. 6

+23. 0

1620
980
580
220

-32.6 | +24.1

+17.3
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WEIGHT CHANGE DURING OXIDATION—EROSION TEST

TEST NUMBER 35, RIG NUMBER 1
1950° F MAXIMUM TEMPERATURE ALONG THE TRAILING EDGE

Cumulative Weight Change (mg)

Exposure
Time Specimen Number

(Hours) H3 D34 Cé63 F36 G37 G42 G48 G54

1640 -10,1 - 9,0 - 9.7
1000 -37.9 | +18.4
600 - 8,2 | +15.2
240 - 1.3

1660 - 9.5 - 8.3 - 8,1
1020 -38.8 | +16.5
620 - 7.9 | +15.7
260 - 4.9

1680 -11,0 -10.1 | - 8,7
1040 -40.7 | + 9.6
640 -10.5 | +10,7
280 -13.8
G37 removed from test - replaced with D63
_H3 D34 C63 _ F36 D63 G42 G48 G54
1700 - 9.5 -9.2 | -6.7
1060 + 7.4
660 -10.8 | + 9.0

[
I
I
I
I
T
300 20,8 1
|
]
I
i
i
i

p——

20 + 2,8

1720 -10.6 -10.7 - 6.8
1080 |+ 4.0
680 -12.6 | + 6.5
320 -28.9

40 + 0.7

1740 -11,0 - 7.9 - 3.1
: 1100 + 3.8
g B 700 -11,1 |+ 7.5
340 -35,3
60 + 0,2

D34 removed from test - replaced with A45




WEIGHT CHANGE DURING OXIDATION-EROSION TEST

TEST NUMBER 35, RIG NUMBER 1
1950° F MAXIMUM TEMPERATURE ALONG THE TRAILING EDGE

Exposure
Time
(Hours)

Cumulative Weight Change (mg)

Specimen Number

H3

A45

C63

F36

D63

G42

G48

G54

1760
1120
720
80

20

~13.3

+ 1.5

- 7.9

- 1.7

+ 0.2

+ 2.5

"110 5

+ 7.1

1780
1140
740
100
40

-10.8

+ 5.6

- 5.6

+ 0.6

+ 4,0

+ 3.7

- 9,7

+ 8.6

1800
1160
760
120
60

"12. 7

0.0

+ 3.7

+ 0.9

’12.5

+ 4.4

1820
1180
780
140
_80

-12.5

- 4.5

- 1.1

-13.7

- 6.6

1840
1200
800
160
100

-130 2

- 9.5

-15.7

'f1503
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WEIGHT CHANGE DURING OXIDATION-EROSION TEST

TEST NUMBER 35, RIG NUMBER 1
1950° F MAXIMUM TEMPERATURE ALONG THE TRAILING EDGE

Exposure Cumulative Weight Change (mg)
Time Spucimen Number
(Hours) H3 A45 | c63 | F36 | D63 |Gz | Gas | asa

]
1860 -13.5 9.0 | -0.7
1220 !
820 -17.4| -24.3
180 | +8.83
120 -20.1
1880 -13.7 -9.4 | -0.4
1240 -5.9
840 -18.7| -32.8
200 +9.3
140 -24.6
1900 -13.6 -9.3| -0.2
1260 -7.8
860 -20.7| -49.7
220 1 +6.9
160 ‘ -32.6
1920 -14.3 -10.6 | -0.4
1280 -10.1
880 -23,3| -65.6
240 +6.9
180 -40.3 =
1940 -14.2 -10.6 | +0.5
1300 C|-11a1
900 -24.6| -76.6
260 +8.8
200 -47.9.
1960 -15.3 -11.1| +0.8
1320 -12.4
920 -26.3| -84.8
280 +8.8
220_. =67.0.

T S———
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WEIGHT CHANGE DURING OXIDATION-EROSION TEST

TEST NUMBER 35, RIG NUMBER 1
1950° F MAXIMUM TEMPERATURE ALONG THE TRAILING EDGE
) [}
Exposure | ___._ . .. Cumulative Weight Change (mg) !
Time Specimen Numlier
(Hours) H3 | A46 | C63 | F36 | D63 | G42 | G48 | Gb4 ‘
1980 -15.3 110 | +1.2
1340 -14.9
940 -20.3| -99.3
300 ! +10.6
| 240 -75.4 )
2000 -15.3 -12.5 | +1.2
1360 -19.3
960 -34.7| -122.6
320 +9.8
260 -98.6
|
|
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WEIGHT CHANGE DURING OXIDATION-EROSION TEST
TEST NUMBER 36, RIG NUMBER 2

1845° F MAXIMUM TEMPERATURE ALONG THE TRAILING EDGE

Cumulative Weight Change (mg)
Exposure Specimen Number

Time ‘ ‘
(Hours) | c4 J29 L47 P48 042 J28 L48 P49

20 +6,1 | +11,0 | +4.8] +5.9| +9.8 | +10.1 +4.9 | +5.7

40 +10.2 | +14.3 | +6.5| +7.9| +13.7 | +13.2 +6,6 | +7.5

60 +10,2 | +14.8 | +5.8| +é.6 | +12.8 | +12.3 +5.6 | +6.4

80 +11.6 | +14,7 | +7.2| +8.5 | +13.2 | +14.4 +5.9 | +7.0
100 +13.0 | +16.0 [ +7.8 | +8.5 | +14.5 | +16.1 +7.0 | +7.6
120 +16.9 | +18.6 | +5.1| +9.8 | +18.9 | +16.8 +8.,5 | +9.9
140 +16.5 | +18.8 | +8.8 | +9.6 | +19.1 | +16.9 +8.1 | +9.7
160 +16,9 | +18.7 | +8.9| +9.6 | +19.0 | +16.7 +#8,3 | +9.9
180 +17.5 | +19.2 | +9.5 ] +10.1 | +20.1 | +17.4 +9,0 | +10.7 -
200 +16,3 | +18.8 | +9.2| +9.6 | +19.2 | +16.9 +8,4 | +10.2
220 +15,3 | +18.2 | +8.5| +8.9 | +18.8 | +16.4 +7.9 | +9.8 X
240 | +16.7 | +19.3 | +9.6 ] +12.4 | +16.1 | +16.3 +7.6 | +9.6
260 +16.5 | +19.3 | +9.4 | +10.2 | +20.7 | +17.7 +9.0 | +10.8
280 +16.9 | +18.9 | +9.1 ] +10.7 ] +20.2 | +17.2 +8.4 | +10.2
300 +16.0 | +18.8 | +9.8 ) +9.8 | +20.4] +17.2 +8.4 | +10.3
320 +14.4 | +18.1 | +7.9| +8.8 | +19.8| +16.4 +7.5 | +10.3
340 +16.4 | +18.5 | +8.2 | +9.3 | +20.3| +16.8 +7.6 |+10.0
360 +15.9 | +18.2 | +8.2| +9.2 | +20.3| +16.5 +7.4 | +10.2
380 +16.6 | +18.6 | +8.7 | +9.4 | +20.9| +17.0 +7.8 | +10.5
400 +16.4 | +18.4 | +8.5| +9.4 | +21.3| +17.0 +7.7 | +10.5
420 +17.0 | +18.1 | +7.8 | +9.3 | +21.8| +17.0 | +7.1 | +10.6
440 +16.8 | +18.0 | +7.6 | +9.4 | +22.0| +16.8 +7.0 | +10.4
460 +16.9 | +17.4 | +7.1| +8.9 | +21.6| +16.4 +6.5 | +10.3 :
480 +17.8 | +18.2 | +7.6 | +9.4 | +22.3| +16.8 | 43.7 | +10.7 3
500 +16.0 | +16.6 | +4.5 | +6.7 | +22.3| +16.7 +6.4 | +10.4 l ‘
520 +16.9 | +17.4 | +6.5 | +8.9 | +21.9]| +16.5 +5.9 | +10.1 : |
540 +16.0 | +16.4 | +7.3| +8.3 | +21.7] +15.8 +6.1 | +9.6
560 +18.4 | +19.2 | +7.9 | +10.9 | +24.2] +18.4 +7.5 | +11.9 _ ‘
580 *17.9 | +18.5 | +7.1| +8.9 | +22.7| +17.3 +6.4 | +11.2
Notes: + denotes weight gain
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WEIGHT CHANGE DURING OXIDATION~EROSION TEST
TEST NUMBER 36, RIG NUMBER 2

1845° F MAXIMUM TEMPERATURE ALONG THE TRAILING EDGE

Exposure Curnulative Weight Change (mg)

Time Specimen Number

(Hours) C4 Je9 L47 P48 042 J2s 148 P49
‘

600 +18.5 | +18.1 | +7.7 | +11.0 | +23.7 | +18.4 | +7.2 +12.1

620 +17.7 | +18.5 | +6.8 | +10.5 | +22.8 | +19.8 | +6.4 +11.7

640 118.9 | +18.1 | +6.1 | +10.0 | +21.4 | +17.2 | +5.7 +11.1

660 +19.2 | +19.0 | +7.0 | +11.0 | +22.5 | +18.5 | +6.6 +12.1

680 +16.4 | +18.8 | +6.6 | +10.8 | +21.9 | +18.2 | +6.3 +12.8

700 +17.9 | +18.4 | +5.7 | +10.4 | +20.9 | +17.5 | +5.4 +11.9

720 +16.5 | +17.8 | +5.0 +9.6 | +19.9 | +17.2 | +5.0 +11.86

740 +15.9 | +17.1 | +4.2 +8.9 | +19.0 | +16.5 | +4.5 +10.3

760 | +11.2 | +17.9 | +5.0 | +10.2 | +19.5 | +17.6 | +5.2 +12.0

780 +11.6 | +17.8 | +4.7 | +10.2 | +19.0 [ +17.7 | +6.1 | +12.0

800 8T | +17.9 | +4.7 | +10.4 | +18.5 | +17.9 | +5.1 +12.2 ]

820 +9.3 | +18.4 | 5.0 | +11.0 | +18.5 | +18.3 | +5.4 +12.2 .

840 +9.8 | +18.2 | +4.1 | +10.7 | +17.5 | +18.1 | +4.5 +12.3

860 +9.3 | +418.3 | +3.7 | +10.4 | +16.2 | +18.3 | +4.5 +12,7

880 +9.5 | +18.4 | +4.0 | +10.6 | +16.3.| +18.2 | +4.8 +12.5

900 +7.8 | +19.8 | +4.7 | +12.1 | +11.4 | +19.6 | +5.2 +13.8 |
<
<
!
.

Note: + denotes weight gain
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WEIGHT CHANGE DURING OXIDATION -EROSION TEST
TEST NUMBER 36, RIG NUMBER 2

1846° F MAXIMUM TEMPERATURE ALONG THE TRAILING EDGE

Cumulative Wolght Change (mg)

Exposure
Time Specimoen Number
(Hours) C4 J29 147 P48 042 J28 L48 Pag
920 +6.1 +19,2 +3.8 +11.6 +7.7 +19.1 +4.8 +13.3
940 +5.6 +18.5 +2.8 +10,8 +2.8 +18,9 +4.3 +13.2
960 +7.7 +19,.4 +2.9 +11.6 -0.8 +19,.6 +4,.4 +13.7
980 +6,0 +18.9 +1.6 +10.9 -8.6 +18.5 +2,8 +12.7
1000 +8.6 +19.2 +1.6 +11,5 ~16.0] +19.8 +3.3 +13.6
C4 and 042 removed from test at 1000 hours - D3 gnd K32 into test.
D3 J29 _L47 P48 K32 J28 L48 P49
1020 — "’190 6 ”'10 3 +12. 0 — +19. 4 *30 1 "'130 7
20 +4,.4 -— - - +4,9 - - -
1040 - +19,2 +0.3 +11.5 - +19,0 +2.3 +13.4
40 +7.7 - - - +6.4 - - -
1060 -— +19.4 +0.1 <11.6 - +19,.3 +2.7 +18.8
60 +8.4 - - - +7.2 - - -
1080 - +20.6 +0.9 +12.7 - +19.7 +3.1 +14.1
80 +9.9 - - - +7.9 - - -
1100 -— +18.6 -1.8 +10.8 -— +18.2 +1.4 +12.6
100 +8.3 - - - +6.3 - - -
1120 - +20.3 -0.6 +13.0 - +20,0 +3.8 +14.1
120 +10.1 - - -— +8.1 - - -
1140 - +18.6 =3.5 +11,5 —-— +18.4 | +1.1 +13.2
140 +9.8 - - - +7.4 - - -—
1160 - +19.5 -2.6 +12.6 - +19.0 +1.5 +13.8
160 +11.4 —_ - - +7.9 - - -
1180 - 119.8 -3,0 | #13.4 | = | +13.5 | +1.8 | +13.9
180 +12,3 - - - +8.6 - - -
1200 - "’20. 2 "'30 2 "'14. 3 - “'1909 +10 s "'1404
200 | +14.1 - - - 49,2 - - -
1220 - +18,9 4.1 | _M.2 - +19.8 | +1.4 | +14.4
1210 —. 4’19. 8 "5. o *’.‘04 —-— *1906 *lo l ‘1‘.2
240 +14.9 - - -— +9.3 - - -
1260 - +18.2 6.2 +13.3 - +18.8 +0.9 +12.8
260 +13.7 - - - +7.8 - - -
146
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WEIGHT CHANGE DURING OXIDATION-EROSION TEST

TEST NUMBER 36, RIG NUMBER 2
1845°F MAXIMUM TEMPERATURE ALONG THE TRAILING EDGE

P

Expos- Cumulative Weight Change (mg)

ure Specimen Number

Time

(hours) D3 J29 1.47 P48 K32 J28 L48 P49

1280 +19.7 -6.4 +15.3 +19,2 +0.3 +14,2
280 +15.5 +9.4

1300 +19.4 -7.7 +15.2 +19.2 +0.0 +14.4
300 +16.3 +9.6

1320 +19.4 -8.6 +15.4 +19.6 +0.1 +14.7

1340 +18.7 | -10.1 +15.2 : +18.0 -1.7 +13.7
340 +16.9 +8.9

' 1360 +19.7 | -10.2 +17.0 +19.3 -0.9 +15.7

360 +18.5 +10.3

1380 +19.8 | -11.5 | +16.9 +19.4 | -1.2 +15.5
380 +19.6 +10. 8

1400 +20.1 | -12.5 | +17.0 +19.4 | -1.6 +16.2
400 +19.8 : +10.7

1420 +19.5 | -14.7 +19.2 +18.7 -2.9 +15.4
120 +20,3 +10,2 :

1440 +20.0 | -16.3 +17.7 +19.2 -3.2 +16.2
440 +21,3 +11.2 ’

1460 +19.0 | -22.6: | +16.1 +19.0 -7.9 +1€.4
460 +15,2 +12.3

1480 +19.2 | -24.5 | +16.1 +18.9 | -8.8 +17.2
480 +2.4 +13.1

L.47 and L48 removed from test at 1480 hrs - N40 and N42 added to test
D3 J29 N40 " P48 K32 J28 N42 P49

1500 +18.7 +15.9 +18.6 +17.3
500 -- +13.3 :
20 - -23.8
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WEIGHT CHANGE DURING OXIDATION-EROSION TEST

TEST NUMBER 36, RIG NUMBER 2
1845° F MAXIMUM TEMPERATURE ALONG THE TRAILING EDGE

"

Expos- Cumulative Weight Change (mg)
ure Spezimen Number
Time - '
(hours) N40 removed from test. E34 added for temperature control purposes
D3 J29 E34 P48 K32 J28 N42 P49
1520 +18.0 +15.0 +17.4 +17.3
520 -0.9 +12.7
40 -28.2
20 -3.0
1540 +18.6 +15.4 +17.9 +18.1
540 +1.0 +13.8
60 ~29.7
40 -2.4
1760 , +18.4 +15.5 | +18.0 +18.7
560 +2.0 +14.3
80 -30.8
-60 -3.1
1580 +18.6 +15.8 +17.9 +19.0
580 +3.8 +14.9 ‘
100 -1.5
80 -4.1
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2050° ' MAXIMUM TEMPERATURE, ALONG THE TRAILING EDGE

WEIGHT CHANGE DURING OXIDATION -1, ROSION TEST
TEST NUMBER 37, RIG NUMBER 1

Cumulative Weight Change (mg)

Fxposure
Time Speeimen Number
(Hours) H38 B51 C48 F32 H56 B52 C54 F58
20 +15.1 +3.9 +6.,7 +6.4 | +16.8 +3.2 +8.4 | -0.6
40 +19.2 +5.5 | +10.5 +7.4 | +19.4 +5.2 +11.7 | +0.3
60 +20.8 +5.5 | +11.7 +9.2 | +20.4 +5.2 +12.6 | +0.6
80 +23.8 +8.0 | +15.3 | +11.9 | +23.4 +7.7 +15.8 | +2.6
100 +24.6 +8.2 | +15.2 | +12.2 | +24.0 +6.9 +15.7 | +2.3
120 +24.6 +7.9 | +14.5 | +11.4 | +23.4 +8.3 +16.3 | +2.3
140 +25.4 +8.56 | +14.5 | +12.2 | +25.4 +8.2 +15.5 | +2.0
160 +27.5 | +11.8 | +16.2 | +12.4 | +26.6 +9.6 +16.7 | +2.9
180 +28.9 [ +12.4 | +17.2 | +13.4 | +27.2 | +10.2 +17.8 | +3.6
200 +29.4 | +12.5 |+17.2 |+13.9 | +27.4 | +10.7 +18.3 | +3.9
220 +27.83 | +12.5 | +14.1 | +11.7 | +25.6 +9.3 +16.4 | +2.0
240 +26.9 | +10.6 |+13.1 |+10.9 | +24.8 +8,8 +15.0 | +1,0
260 +26.2 +9.8 | +12.1 |+10.3 | +23.7 +8.2 +14.1 | +0.0
280 +26.3 +9.2 | +12.4 +9.9 | +23.8 +8.6 +14.1 | +0.1
300 +27.0 +9.2 | +12,7 |+10.5 | +24.1 +9.0 +14,6 | +0.2
320 +26.3 +9.3 | +11.4 +9.5 | +23.1 +8,3 +13.3 | -0.6
340 +26.3 +8.0 |+10.4 +9.0 | +22.5 +8.0 +13.4 | -1.2
360 +26.2 +7.9 |+10.0 +9.0 | +22.6 +7.9 +12,3 | -1.2
380 +25.2 +7.0 +9.0 +8.2 | +21.7 +7.2 +11.1 | -2.6
400 +24.1 +6.2 +7.8 +7.3 | +20.7 +6.6 +10.0 | -3.3
420 +24,2 +6.1 +8.0 +7.4 | +20.5 +6.4 +9.8 | -3.3
440 +24.7 +6.7 +7.4 +7.3 | +20.2 +6.1 +9.1 | -3.6
460 +25.0 +6.1 +7.9 +7.6 | +20.4 +5.7 +9.9 | -3.6
480 +25.8 +6.5 +8.2 +8.1 | +21.5 | +6.5 +10.3 | -2.9
500 +26.1 +6.7 +8.8 +8.6 | +21.3 +6.9 | +10.7 | -3.7
520 +25.7 +7.2 +9.7 +9.1 | +21.5 +7.6 +11.3 | -4.5
540 +22.3 +2.8 +3.2 +5.3 | +17.3 +3.3 +4.7 | -6.1
* H38 B51 Cc48 F58 H56 B52 C54 F32
560 +21.8 +3.9 +3.5 -6.0 | +17.4 +3.9 +5.3 +4.4
580 +20.8 +3.1 | +4.6 -5.6 | +18.5 +3.6 +4.,5 +5.0
600 +21.8 +2.4 +1.5 -6.8 | +16.3 +3.1 +3.8 +3.5
620 +22.0 +3.3 +2.7 -5.7 | +17.2 +3.6 +4.9 +4.7

Notes: + denotes weight gain
* reversed specimens F32 and F58 in holder
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WEIGHT CHANGE DURING OXIDATION-EROSION TEST
TEST NUMBER 37, RIG NUMBER 1 "

20580° F MAXIMUM TEMPERATURE ALONG THE TRAILING EDGE :
Exposure Cumulative Weight Change (mg)
Time Specimen Number
(Hours) H38 B51 C48 F58 H56 B52 C54 F32
640 +21.9 +2.5 +1.1 | -6.0 | +15.8 | +3.4 | +3.8 +3.8
660 +21.5 +1.5 -0.3 | -6.6 | +15.2 | +2.83| +2.5 +3.0
680 +20.7 +1.6 -0.1 | -6.4 | +15.0 | +2.2 | +2.1 +2.8
700 +21.7 +1.0 -1.3 | -7.5 | +14.7 | +1.7 | +1.2 +2.5 R
720 +20.6 +0.2 -1.5 | -8.2 | +13.7 | +6.8 | -0.1 +1.6 ‘
740 +20.6 -0.5 -3.3 | -8.1 | +13.2 | -0.4| -0.7 +1.1
760 +19.7 -1.5 -4.5 | -9.5 | +12.2 | -0.6] -2.2 0.0
780 +19.1 -2.0 -6.5 | -10.0 | +12.0 | -0.9 | -3.0 -0.5
800 +19.2 -2.2 -6.3 | -10.4 | +11.4 | -1.6| -4.0 | -1.2 ]
820 +19.4 -2.0 -6.4 | -10.2 | +11.4 | -1.6| -4.0 -1.1 "'
840 +18.1 -3.5 | -7.9 | -11.2 | +10.4 | -2.5| -5.1 ~2.0 o
860 +18.1 -2.9 -8.1 | -11.0 | +10.1 | -3.2 ]| -5.5 -2.3 :
880 +17.3 -4.7 -9.3 | -11.8 +8.6 | -4.4| -7.1 | -3.5 ~
900 |+17.4 | -4 | 9.0 |-1m6 | +0.3 | a2 -6 | 227
920 +17.2 -4.5 -9.5 | -11.2 +9.4 | -3.7| -6.2 -2.6 } ‘»
940 +15.9 -4.3 -8.5 | -11.3 +9,1'| -5.7] -6.6 -2.5 o
960 +15.0 -5.6 | -10.0 | -12.0 +8.2 | 7.2 | 7.4 -3.6 ) -
980  |+14.4 6.6 | -10.9 |-12.8 | +7.2 | 8.5 | -8.5 | -4.1
1000 +13.4 | 5.6 | -10.0 | -11.7 +8.1 | -8.6 | -7.4 -3.2 }
1020 +11.3 6.6 | -11.6 | -12.8 +.0 | -1.7 | -89 -4.3
5 ‘
Note: + denotes weight gain ‘
v
}
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WEIGHT CHANGE DURING OXIDATION-EROSION TEST
TFST NUMBER 37, RIG NUMBER 1

2050° F MAXIMUM TEMPERATURE ALONG THE TRAILING EDGE

Cumulative Weight Change (mg)

Specimen Number

H38 B51 C48 F58 H56 B52 CbH4 F32
1040 +12.6 -5.8 -10.7 | -11.7 | +7.8 -12.4 -8.3 -3.6
1060 +13.0 -6.2 -11.1 | -12.4 | +7.2 -15.2 -8.5 =3.7
1080 +11.8 -7.8 -12.3 | -13.7 | +6.2 -18.9 -9.8 -4.7
1100 +12.9 -7.4 -12.1 | -12.9 | +6.4 -22.8 -9.2 -4,3
B51 and B52 removed from test at 1100 hrs - G36 and G59 into test.
H3g G36 cas | Fse | mse G59 | cs4 | Fas
1120 +12.3 - -12.9 | -13.5 | +6.3 - -9.5 -4,2
20 - +10.4 - - - +5.9 - -
1160 +12.4 - -14.1 | -14.2 | +5.0 - -10.5 ~5.2
60 - +18.0 - - - +8.7 - -
1180 +11.2 - -14.7 | -14.5 | +4.7 - -11.3 ~5.8
80 - +19,9 - - - +10.1 - -
1200 +10¢2 d— ‘16.6 -1604 +206 — +13¢5 "706
100 - +18.8 — - - +8.8 - -
1220 +10.4 - -15.7 | -14.9 | +3.9 - -12.8 -6.8
120 - +21.4 - - - +10.8 - -
1240 +9. 3 — "'16. 3 -160 0 +20 6 ket -1304 -7. 8
140 - +22.5 - - - +11.1 - -
1260 +11.6 - -16.6 | -16.0 | +2,4 - -13.8 -9.8
150 - +23,1 - - - +11.3 | - -
180 - +11.7 - - - +11.5 - -
1300 +7 . 9 — -200 3 -19. 3 +1| 3 - ‘-150 9 -10. 8
200 - - - - +9.9 —-— -

+6, 2
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WEIGHT CHANGE DURING OXIDATION-EROSION TEST *
TEST NUMBER 37, RIG NUMBER 1 ~
2050° F MAXIMUM TEMPERATURE ALONG THE TRAILING EDGE
. Cumulative Weight Change (mg) -
*‘1’.‘?;?” Specimen Numbor
(hours) | 3B G36 Cas Fi8 156 G5 Co4 Fo2 g
! 1320 +8, 1 -14.3 -18.0 -0.5 -16.3 -11.2
- 220 +2.8 +11.9 ]
i
’ 1340 +7.8 -19.7 -18.0 <11 -16.5 -11.8 1
) 240 -2.6 +12.3
" 1360 +4.8 -20.6 | -10.0 -4.5 -17.4 | -12.9 '
P 260 -10.4 +12.3
1370 -21.3 . -18.9
€48 and C54 removed from test at 1370 hrs; J21 and J50 added
H38 G36 J21 F358 H58 Gs9 J50 F32 I
1380 .2 -21.3 -7.0 -14.3
280 -16.8 +11.7
10 +10.3 +10.7 ]
1400 +7.7 -18.9 -6.4 -13.4
300 -18.3 +12.8
30 +13.4 +13.5 : ‘
F58 and F32 removed from test at 1400 hrs; P38 and P50 added I
H38 G136 Ja21 P38 H36 G59 350 P50 '
1420 +8.0 -7.8 '
320 -23.5 +13.2 ‘
50 +14.8 +14.7
20 +7.0 +6.9
1440 +6.6 -9.1
340 -28.4 +12.3 ]
70 +13.9 +13,3
40 +7.1 +6.5
1460 +9, 4 -10.3
360 -32.2 +12.1 r
90 +13.3 +12.9
60 +7.3 +6.6
1480 +7.8 -9.8 "
380 -34.9 +13.2° ¥
110 +14.1 +13.3 T
80 +8.6 +6.3
1500 -3,1 -16.0 N !
400 -42.2 +11.8 j
130 +10.4 +10.2 ‘
100 45.1 +2.3 - ‘
1620 -3,8 -18.2 i
420 ~48.8 +12.5 :
150 +10.5 +30.6
120 +4.0 +1.1 \
1540 -3.7 -18.4 ;
440 -56.0 +12.4 r
170 +8.1 +8.2
140 +1.8 -3.2 ‘
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WEIGHT CHANGE DURING OXIDATION-EROSION TEST

TEST NUMBER 37, RIG NUMBER 1
2050°F MAXIMUM TEMPERATURE ALONG THE TRAILING EDGE

Expogure
Time
(hours)

Cumulative Weight Change (mg)

Specimen Number

G38 removed from test at 440 hys; D30 added to

o8t

Has

D3o

Jza21

P38

HS8

G59

J5¢6

P30

1560
460
190
160

20

1580
480
210
180

40

1600
500
230
200

60

1620
520
250
220

80

-8.4.

-11.0

-17.4

-20.1

+2.1

+6.2

+4.5

+8.2

+1.4

-18.1

-18.6

-19.4

~20.2

+11.7

+11.8

+12.0

+11.7

+6.7

+4,1

+2.1

+0.4

-10.0

-12.7

-15.8
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